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???????????????????????????????
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DFGと制約
コンポーネントの
デザイン
リソース見積もり/
仮想ネットリスト生成
FPGA‐チップ
見積もり
パス遅延計算
カットオフ・ポイント
設定
スケジューリング/
バインディング
最後のCSか？
バインディング成功
現状，最良の
RTLネットリスト
ブラッシュアップ
制約を満たす？
レイアウト調整
制約を満たす？
RTLネットリスト RTLネットリスト
ライブラリ
YES
NO
NO
YES YES
YES
NO
NO
スケジューリング・
バインディング
? 2.1: Xu??????????????? [71]?
Zheng???? [77, 78]
[77,78]?FPGA?????????????????????????????????
FPGA??????????????????????????????????????
????
Zheng????????????? 2.2???????Altra?????????????
??????????????????????????[77]??????????????
?????????????Delay Table??????????????????????
???????????????????????Zheng???????????????
?????? 22%???????????????????? 28%????????????
?????????????????????????????????????????
???????????????FPGA???????????????1???????
?????????????????????????????????????????
?????????????????????????????????
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? 2? ????
CDFG
Delay Estimation
Delay Table
Scheduling
Binding
Code Generation
Multi-cycle 
constraint
Logic Synthesis 
& PAR
Delay Extraction
Delay Updates
Iteration
Converged
? 2.2: Zheng???? [78]?
?1???? FPGA???????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????Xu?????Zheng???????FU?????????????
?????????????????????????????????????????
?????????????????FPGA?? I/O?????????DSP?????
RAM???????????????????????????????? FPGA???
?????????????????????????????????????????
2.2.2 ????????FPGA??????
?????????????????????????????????????? 2?
????????????FPGA??????????????????????????
??????????????????????????????????????????
???????????
(2????????????? FPGA????????????????? FPGA??
?????????????????????????????? FPGA????????
???????????????????? FPGA?????????????????
???????????????????????????????????? FPGA?
???????????Cong?? Spreading Score?????? [14, 15]? RDR????
?????????????????? (MCAS) [12]?????????????????
???Huang???? [42]??????
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B
A
B
A
(a) (b)
? 2.3: ????????????
Spreading Score?????? [14, 15]
Cong?? [14, 15]? Spreading score???????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????
Cong???? [14, 15]????????????????????? Spreading Score?
?????????????????????? 2.3????????????????
? 2.3(a) ???????????????????????????A?B??????
?????????????????????A?B??? 1?????????????
? 2.3(b) ????????????????????????A?B?????????
????????????????? 3???????????????????????
????????????????????????????????
Spreading Score?????????????
nX
i=1
wikpik2 (2.1)
pi???????? i???????????wi??????????????????
?????? 2.4? Spreading Score?????? ???????????????? 1?
??????????????????????? 2.4(a) ?? Spreading Score?? 1? 12
? 4? 4????????????????????????? 2.4(b) ?? Spreading Score
??? 1? 32? 4? 36?????????Spreading Score???????????????
??????????????????????Cong???? [14, 15]????????
??Spreading Score??????????????????
nX
i=1
wipi = 0
kpi   pjk 5 lij 8(i; j) 2 E (2.2)
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? 2? ????
距離 1
wi 1
距離 3
wi 1
(a) (b)
? 2.4: Spreading Score???
lij???????? i? j????????????E????????????????
????????????Cong???????????????????????????
??????? FU/????????? 1?????????????????????
???
Cong???? [14, 15]???????[15]?? ASIC???? Spreading Score????
???????????????????????????????[14]??FPGA???
?? Spreading Score???????????????????????????????
??????????????????Spreading Score???????????????
??FU???????????????????
Cong???? [14, 15]??????????????????????????????
?????????????????????????????????????????
????????????????????????????????
RDR?????????????????????? (MCAS)
Cong?? [12]???RDR?Regular Distributed-Register??????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
RDR?????????FPGA??????????????????????????
????????????????????????????????????RDR???
???????????????????? 1????????????????????
?????????????????????????????????????????
?????????RDR?????????????????????????????
???????????????????RDR???????????? 2.5????
Local Computational Cluster (LCC) ???????????????????????
??????????FU???MUX????
Register le ?????????????????????LCC???????????
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LCC
・・・
F
S
M
LCC
・・・
F
S
M
LCC
・・・
F
S
M
LCC
・・・
F
S
M
LCC
・・・
F
S
M
LCC
・・・
F
S
M
Register File
Grobal Interconnect
? 2.5: RDR???????[12]?
???????????????????????????
Finite State Machine (FSM) ????????????????????????LCC
???????????
?????????? FU?????????????????????????????
???????????
RDR?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????FPGA?????????????
??????RDR????????????????????????????????
???????????????
??? 2.6?RDR????????????????????MCAS????MCAS??
???????????CDFG (Control-Data Flow Graph)?RDR???????????
?????????????????RTL??????????????????????
?????MCAS???????????????????
1. ????????????????? 1???? RDR?????????????
???
2. ?????????????????? 1?????????
RDR??????????????????????????????????? 1??
?????????????????????????????FU???????????
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? 2? ????
動作記述(C言語またははVHDL)
CDFG生成
リソースアロケーション
FUバインディング
スケジューリングベースの
フロアプラン
再スケジューリング・
再バインディング
レジスタ&
ポートバインディング
データパス&FSM生成
CDFG
リソース制約
コンポーネント間接続情報
フロアプラン情報
RTL記述(VHDL) マルチサイクルパス制約フロアプラン制約
RDR仕様 クロック周期制約
? 2.6: RDR????????????????????MCAS [12]?
????????????????????????????????????MCAS??
???????????CDFG???????????????????FU??????
?????????????????????????????????? 1??????
?????????????????????????????????????????
??????? 2.2.1??Xu???? [71]? Zheng???? [78]???????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????MCAS????????????
?????? 1???????????????????????????????
Huang???? [42]
Huang?? [42]?????????????????????????????????
?????????????????????????????????????????
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? 2? ????
動作記述(C言語またははVHDL)
CDFG抽出
ネット重み付け
バインディング
クリティカルパス分析
マクロ割り当て
マクロ生成&フロアプラン
コントローラ生成
No
RTL記述
スケジューリング
リソース・タイミング制約を満たすか？
データパス生成
Yes
? 2.7: Huang???????????? [42]?
?????????????????????????????????????????
??????????????????[12]?????????????????????
?????????????????????????
? 2.7?Huang?????????????? 2.8?DFG???????????Huang
???????????????????
1. ???????????????????????????
2. ??????????????????????????????????????
Huang?????????????????????????????????????
???????????????????????????DFG???????????
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? 2? ????
+CS=1 +
*++CS=2
+
*
CS=3
CS=4
Macro
? 2.8: DFG??????? [42]?
????????????????DFG????????????????? 2.8???
??????????????????????FPGA????????????????
DFG???????????????????????????????????????
??????????????????????? 2.8????????????????
???
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????
????????????????????????????????????????
?????????????????????????????????????? FU?
??? FU????????????????????????????????????
????????????????????[12]???????????????????
???????????????????????????
[12,42]???????????FPGA??????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
???????????????????FPGA??????????????????
??????????????????????????????? FPGA??????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
20
? 2? ????
????????
2.3 MUX????????FPGA????????
????????MUX????????FPGA??????????????????
???????????????????????????????????????MUX
?????????????????????????????????????????
?????????????????????????????????????????
? FPGA????????????????????
???MUX????????FPGA????????????[11,13,19,39,40,63]??
??[11]??MUX????????????????????????????????
??? FPGA????????????????[39,40]???FU????????/??
????????MUX??????????????????????????????
?FPGA????????????????[13]???FPGA?????????????
???????????MUX?????? FPGA????????????????[19]
???FU???????????????????FU????????????????
?????????????????? FPGA????????????????[63]?
??FU?????MUX???????????????????????? FPGA??
???????????????????MUX?????FPGA???????????
???Chen???? [11]?Hara???? [39, 40]??????
2.3.1 Chen????
Chen???[11]? LOPASS???????????????LOPASS??FPGA???
???????????LOPASS?????? FPGA?? LUT????????????
????????????????????FU??????????LUT????????
???????????????????????????????FU????????
???????????????????????? SA?Simulated Annealing?????
?????????????????????????????????????????
??????????????????????????MUX????????????
?? 2????????? [41]???????????????????????????
????MUX??????????????
LOPASS????? FPGA????????????????
1. FPGA?????????????????????????
2. ??????MUX????????
3. FU????????????????????????????????
????????/FU???????
LOPASS?????????/FU??????????SA?????RT??????
?????????????????????
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RT?????????????? PDynamic?PStatic???????????
PDynamic = S(PLUT + PREG + PLW + PGW ) (2.3)
PStatic = PIdle LUT + PStatic LB + PStatic GB (2.4)
PLUT ???? LUT????????????PREG???? LUT??????????
??PLW ????????????????????????PGW ??????????
?????????????????????PLW ? PGW ??????????????
???????????????????????????
LOPASS?????????/FU?????????????????????????
????????????FU???????? force-directed?????????????
??????????? SA?????????????PDynamic? PStatic???????
????????SA??????????????? 5??????
??? ?? FU???????????
?? 2????? FU??????????????????
?? ?? FU?????????????????? FU??????
?? 1?? FU????????????? 2?? FU?????
?? 2?? FU??????????????????
???????????
LOPASS????????????????????????????????????
????2????????? [41]????MUX??????????????????
?????????
2???????????????????????????????????
w(v; r) = 1x1(v; r) + 2x2(v; r) + y(v; r) (2.5)
x1(v; r)??? v????? r???????????????MUX?? 2.9(a)????
??x2(v; r)??? v????? r?????????????? FU?MUX?? 2.9(b)?
???????y(v; r)??? v????? r??????????FU?MUX??????
; ??????????LOPASS?????????????????????????
???MUX??????MUX? FU?????MUX? 2???????????
MUX?????????????
LOPASS?????????????????????????????MUX????
?????????
? 2.10? LOPASS????????????????????? 2.10(a)? (b)????
??FU???????MUX????????????MUX????????LOPASS
??? 2.10(a)? (b)???(b)???????????? 2.10(b)??(a)????MUX?
????????????????????????LOPASS??????????MUX
????????????????????????????????????
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FU FU
MUX
FU
MUX
(a) (b)
? 2.9: LOPASS??MUX??????
F3 F4
F1 F2
R1 R2
MUX MUX
F1 F2
F3 F4
MUX
R2
(a) (b)
? 2.10: LOPASS??MUX???????????????
???????
LOPASS??????????????????? 2.11??????????????
?????? 2.11(c)?(d)?????? 2.11(a)?(b)??????????????? FU
??????????????MUX???????????????LOPASS?????
??? FU?????????MUX???????????????????
????
LOPASS??????????????????????? 10.6%?????? 61.6%?
??????????
2.3.2 Hara????
Hara??????????????????????FU??????MUX?????
MUX?????????????????
????
Hara??????????? 2.12?? 2.13????? 2.12?? 2.13????FU????
????????????MUX??????????????????????????
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MUX MUX MUXMUX
V1
V2
X1 X2
V
a b c
+
V1+X1
V2+X2 +
a+b
V+c
V+a
(a) (b)
MUX MUX MUXMUX
V1
V2
X1 X2
V
a bc
+
V1+X1
V2+X2 +
a+b
V+c
V+a
(c) (d)
? 2.11: ????????????????
MUX
a b
MUX
c d
+
r=a+b
s=c+d
レジスタ
MUX
a b c d
+
r=a+b
s=c+d
レジスタ
+
(a) FU共有
（MUX２個）
(b) FU非共有
（MUX１個）
? 2.12: FU???/???????
??MUX??????????????Hara??????????????????[39]
?????????????????????????????????
(1) FPGA??? FU????????????????
(2) ?????????MUX???????????????????
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MUX
a b c d
+
r=a+b
s=c-d
レジスタ A
-
(a) レジスタ共有
（MUX１個）
(b) レジスタ非共有
（MUX０個）
a b c d
+
r=a+b
レジスタ A
-
s=c-d
レジスタ B
? 2.13: ???????/????
Original program
(non-SSA form)
SSA Transformation
SSA-form program
Aggressive register 
unsharing
Selective FU sharing
HW-component-level 
register retiming
RTL circuit
RTL simulation
Logic synthesis &
Place-and-Route
Constraint on 
FU sharing
HLS
Proposed method
? 2.14: Hara?????
(3) FPGA????????????????????????????
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MUX
+
FU f
遅延が大きい
-
(a) 初期解（FU fが遅延大きい）
u v
×
k
クリティカルパス
MUX
+
FU f
-
(c) uとvがライフタイム被らない時
u&v
×
k
MUX
+
FU f
-
(c) uとvがライフタイム被る時
u&v
×
k
u v
クリティカルパス
? 2.15: HW-component-level register retiming???
??????
Hara????????????? 2.14????????? [52]???? Selective FU
sharing?HW-component-level register retiming????
???????????SSA?Static Single Assignment??????????????Ag-
gressive register unsharing???????multiple variable??????????????
???? Selective FU sharing??????MUX?????????Selective FU sharing
???FU????/????????????????????????????????
????????? FU?????????MUX??????????????????
? FU????????MUX????????????????????? FU????
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????FU????????????????HW-component-level register retiming??
?? 2.15????HW-component-level register retiming?????????FU?????
?????????????????????????MUX?????????????
???????????????????????????????????
????
??????????Hara???????????????? 13.8%???? 49.5%??
??????????[52]???????????? 39.36%??? 63.13%???????
??????????????????????????????????????
?????MUX?????????????Chen?????Hara??????????
??????MUX????????????????????????????????
??????????????????????????????????????FPGA
?????????????????????????????????????????
???????????????????????????????FPGA???????
??????MUX????????????????????
2.4 HDR???????
???????LSI????????????????????????????????
?????????Ohchi??????GDR?Generalized Distributed Register?????
???[58]????????????????????Abe??????HDR?Huddle-based
Distributed-Register????????[1{3]?????FPGA?????????????
???
Ohchi?? [58]? GDR?????????????? 2.16????????????
???????? 1?????????? FU????????????????????
?????????? FU?????????????????????????? FU?
????????????????????????????????????
GDR?????????????????????????? 2.2??????????
???????????????????????????FPGA???????????
????????????????????????????????????
???GDR?????????????????????????? 1????? 2.2?
????? RDR???????????RDR???????????????????
??????????????FPGA????????????????????????
????????????????????
Abe?? [1{3]???HDR????????????????HDR????????GDR
??????????????RDR?????????????????????????
?????????HDR??????????????????Huddle????????
?????????????????????????????GDR?????????
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FU FU FU FU
FU
グローバル
コントローラ
グローバル
コントローラ
FU FU
   FU
ロ
ー
カ
ル
コ
ン
ト
ロ
ー
ラ
演算器＋
ローカルレジスタ
共有レジスタ群＋
グローバルコントローラ
演算器＋
ローカルレジスタ＋
ローカルコントローラ
? 2.16: GDR???????[58]?
?????????????????????????????????????????
????????????????????????????????????????
HDR???????????? 3.2????????????????????
Huddled Local Register?HLR? ????????????????????????
??????
Huddled Functional Unit?HFU? ???????????????????????
?????????????????????????????HLR???????
????
Finite State Machine?FSM? ????????????????????????
HFU?HLR??????
Huddled Level Converter?HLC? ????????????????????????
????????????????????HLC?????
???????HFU?????????????????HLR????????????
???????????????HFU?????????????HLR????????
??HLR???????????????????????HLC?????
HDR????????????????FPGA????????????????HDR
???????????????????????????????RDR????????
??? FPGA??????????????????????????????????
?????????????????GDR?????????????????????
???????????FPGA???????????????????????????
??????????????? FPGA????????????????????HDR
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? 2? ????
 
HFU
HLC
FSM
HLR
 
HFU
HLC
FSM
HLR
 
HFU
HLC
FSM
HLR
 
HFU
HLC
FSM
HLR
 
? 2.17: HDR???????[1{3]?
???????? RDR????????GDR???????????????????
???? FPGA??????????????????
????[1{3]??????HDR???????????????ASIC???????
??FPGA???HDR???????????????????????????????
???????FPGA???????HDR?????????????????????
???????????????
2.5 ??????
?????????????????????????FPGA?????????MUX
????????FPGA??????????????????????????????
????? LSI??????????????????????????????????
????
? 2.1????FPGA??????????????????FPGA?????????
??????????????MUX?????????????????????????
??????????????????????????????????FPGA????
?????????????????????????????????????????
???????????????[12,14,15,42]????????????????????
?????????????????????????????????????????
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? 2.1: ??? FPGA???????????.
?? ?????? ?? ??
?????????? [71, 77, 78] ?????????? ??????
?????? ????? ?????? ???? ????????
????? ???????? [12, 14,15, 42] ????????? ???????? ????????
FPGA?????? ?????????? ?????
MUX?????????? [11, 13,19, 39,40,63] ???????????? ????????????
???MUX??
????????MUX????????FPGA?????????? [11,13,19,39,40,63]
?????????????Chen???? [11]?Hara???? [39,40]????????
??????????????????????MUX????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????
???FPGA??????????????????? 1?????HDR?????
??[1{3]????????????????????????? 1???????????
?????????????????????????????????????????
?????? FPGA????????????????????HDR?????????
???? FPGA?????????????????????????? FPGA????
???????????????????????????????
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?3? HDR?????????????
MUX??FPGA??????
3.1 ?????
???? 1?FPGA???????????????? 1???????????MUX?
?????????????????????????????MUX?????????
????? FPGA????????????HDR?????????????MUX??
FPGA??????????????????HDR?????????????FPGA?
??????????????????????????????????HDR????
?????????MUX?? FPGA???????????????
??????????????????????FPGA????????????????
MUX????????????????????????????????MUX????
????????????????????MUX??????????????????
?????????
????HDR?????????????MUX?? FPGA????????????
???????????MUX??????????????????FPGA??????
????????????HDR??????????????????????????
?????????????????????????????MUX?????????
????FU?????????????????????? 2?????????????
????
 ????????????/FU???????
 ???????????????
????????????/FU???????????????????????????
??????????????? 2?? FU??????????? 2?????????
???????MUX??????????????????????????FPGA??
???????MUX??????????????????????? FU??????
?????????????MUX? 4???????????????????????
?????????MUX?????????????????????????????
????????
1?????? [23{25,29]????
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? 3? HDR?????????????MUX?? FPGA??????
3.2 ????
????????????????????????HDR?????????????
FPGA????????????
3.2.1 ?????????
????????????? FPGA????????????????????????
?????????????????????? 2?????? [57]?????????
??????????????????????????????
 ????????SR : Shared-Regisuter????????
 ????????DR : Distributed-Register????????
? 3.1??? 2???????????????????????????[57]??????
? FU??????????????????????????????????????
??????????????????????????????? FU????????
??FU??????????????????????????????????????
?????????????????????????????????????????
??????????????????????????
?????????????????[57]?? FU?????????? FU?????
????????????????????????????????????????
??????????????????????????? FU????????????
?????????????????????????????????????????
??????????????????????????????FU?????????
?????????????????????????????????????????
????FPGA??????????????????????????????????
?????????????????????????????????????????
??????????????
????????????????????????????????????????
??????????????????HDR???????[1{3]??????????
???????? FPGA?????????????????????????????
2.2?????? RDR?Regular Distributed-Register????????[12]?? 2.4???
???GDR?Generalized Distributed Register????????[58]?HDR?Huddle-based
Distributed-Register????????[1{3]????????????RDR???????
?????????????????????????????????????????
????????????? FPGA???????????????????RDR???
?????????????????????????????????????????
???GDR?????????RDR????????????????????????
?????? 2.2?????????????????????????????????
???
????HDR????????GDR??????????????RDR??????
?????????????????????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
コントローラ
FU
FUFUFU
FU FU
(a) ???????????????
コントローラ
FU
FUFUFU
FU FU
コントローラ コントローラ コントローラ
コントローラ コントローラ
(b) ???????????????
? 3.1: ???????????????
?????????RDR???????????HDR????????FPGA?????
?????????????????????????????????????????
?????GDR??????????????????????????????????
??HDR??????????????????FPGA???????????????
??????????????????????????????????????HDR
???????[1{3]??????
???FPGA??HDR????????????????????HDR???????
??????????Huddle????????????????????????????
?????????????????????????????????????????
??FU??????????????????FPGA??HDR????????????
3.2??????????FPGA??HDR??????????????????????
?????
Huddled Local Register?HLR? ???????????????? MUX????
???
Huddled Functional Unit?HFU? ????????? FU????????????
?????????? FU??????????????? HLR????????
???
Finite State Machine?FSM? ????????????????????????
HFU?HLR??????
FPGA????????I/O???????????????????????????
?????????????????LUT?Look Up Table???????????FF??
??????FPGA??HDR??????????FPGA??????????????
??????HFU?FU?MUX???????????? LUT???????HLR??
????MUX???????????? LUT? FF???????FSM???????
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? 3? HDR?????????????MUX?? FPGA??????
スライス 論理ブロックI/O パッド 配線用チャネル
HLR
HLR
HLR
HFU
FSM
HFU
FSM
HFU
FSM
? 3.2: FPGA??HDR???????????
-
If(a-b>c)
     t=x+y+z+u;
else
     t=x+2;
a b c
>
x
+
+
++
t
ノード 1
ノード 2
ノード 3
ノード 4
ノード 5
ノード 6 ノード 7
ノード 8
? 3.3: CDFG?? [69]?
????????? LUT? FF??????????????????????????
?????????????? I/O????????????
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? 3? HDR?????????????MUX?? FPGA??????
3.2.2 ??????
????????????HDR?????????????FPGA?????????
????
???????????????? G(N;E)???????????????????
????CDFG?[69]?????N??????No??????Nc??????????
? ni 2 No? 2???????????????E??????????Ed??????
??????Ec?????CDFG???? 3.3????? 3.3???????? 1, 2, 4, 5,
6, 7??????No???????? 3, 8??????Nc???????????? 3?
??? 4?????????? 3???? 6?????????? 6???? 8?????
????? 7???? 8?????????????????? Ec??????????
?????????????Ed??????
??????1???? FU???HFU??HLR? FSM??????????? hi?
HFU????AreaFU(hi)?HLR????AreaReg(hi)?FSM????AreaFSM(hi)????
???????? hi???Area(hi)???????????
Area(hi) = W (hi)H(hi)
= AreaFU(hi) + AreaReg(hi) + AreaFSM(hi)
(3.1)
? (3.1)????W (hi)???? hi???H(hi)???? hi???????
FU fi??? 2?Df (fi)????FU fi?MUX????DMUX(fi)????Sf (fi)?FU
fi?????????????????? Tclk?? Sf (fi) = d(Df (fi) +DMUX(fi))=Tclke?
??????FU fi??????????Hud(fi)??????? hi???????? FU
???? F (hi)????????????Dreg????FU fi???? Tclk  Sf (fi)???
???????????????????????????????????
Slack(fi) = Tclk  Sf (fi) Df (fi) DMUX(fi)  0 (3.2)
?????? hi????????????????? Slack(hi)???????????
Slack(hi) = min
fi2F (hj)
Slack(fi) (3.3)
HDR?????????????????????? FU? 1???????????
????????????????????? 3.4???????? hi????? ri?FU
fj ?????????????????????????????????? hi????
??? ri? FU fj???????????W (hi) +H(hi)??????????? hi??
????????????????????????? ri???????????FU fj?
???FU fj ????????????????? ri????????????????
??????????? Slack(hi)???????????????Dw(x)???? x??
????????????????????????? ri? FU fj ??????????
2FU???????? FU??? 1?????????????
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? 3? HDR?????????????MUX?? FPGA??????
ハドル hi
FU fj
レジスタ ri からデータ
を読み出し，FU fj に
データ転送する
FU fj によって演算
が実行される
FU fj からデータ転送され, 
レジスタ ri に格納される
H(hi)
W(hi)
レジスタ ri
? 3.4: ????????.
Dw(W (hi) +H(hi))?????????Slack(hi)????? hi????????????
??????????[12]
2Dw(W (hi) +H(hi)) +Dreg(ri) +DMUX(ri)
 Slack(hi) (3.4)
????Dreg(ri)????? ri????DMUX(ri)????? ri?MUX????????
????FPGA??????????????????????????? x??????
????????Cd????Dw(x) = Cd  x?????????????? (3.4)???
??????????
????????????????????Dist(hi; hj)???? hi???? hj????
?????????????????????????x(hi)? y(hi)???? hi????
?? x???????????? hi???? hj????Dist(hi; hj)??????????
Dist(hi; hj) = jx(hi)  x(hj)j+ jy(hi)  y(hj)j (3.5)
?3.5?2???????????????(x(hi); y(hi)) = (20; 20)?(x(hj); y(hj))=(100,60)
??? (3.5)???????? hi? hj???Dist(hi; hj)? j20  100j+ j20  60j = 120??
??????HDR????????????????FU???????????????
??????????????FU??????????????????????????
???????????????FU?????????????????????? (3.5)
????????????????????????? 3?
???????????????????????FU fi 2 F (hi)?????????FU
fj 2 F (hj)????????????FU fi?? FU fj????????????????
??????CS??? idfi;fj ????
Slack(fi)  Dw(Dist(hi; hj)) +Dreg (3.6)
3???? 3.5????????????????????????? FPGA?????????????
?????????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
Dist(hi,hj)=80+40
=120スライス
ハドル hi
=6スライス × 6スライス
40スライス
80スライス
ハドル hj
=5スライス × 5スライス
5スライス
5スライス
6スライス
6スライス
(0,0)
(x(hi),y(hi))=(20,20)
(x(hj),y(hj))
=(100,60)
? 3.5: 2???????????.
? (3.6)????????Sfu(fi)???????FU fi??????????????? hj
??????????????????? idfi;fj = 0????
Slack(fi) < Dw(Dist(hi; hj)) +Dreg (3.7)
???? (3.7)????????Sfu(fi)???????? FU fi????????????
??? hi????? ri??????????dDw(Dist(hi; hj))=Tclke??????????
??? ri????? hj???????????
HDR??????????FU f ?????????????????????????
hs????? rs??FU f???????hd????? rd??????????path(rs; rd)
???D(path(rs; rd))????????????
D(path(rs; rd)) = Dfu(f) +Dmux(f) +Dreg(rd) +Dmux(rd) +Dw(rs; rd) (3.8)
???? rs? rd??????Dw(rs; rd)??Dw(Dist(hs; hd))??????????????
?????????????????????????????????????
?????HDR?????????????FPGA??????????????????
??1 HDR?????????????FPGA?????????CDFG????????
????????????????????????????????CDFG??????
???????????????? FU???????????????????????
???????????????????????????????? ???????
?????CS????????
? 1 ? 3.6?HDR????????????? FPGA????????????????
??CDFG?????????????????????????????????????
????????CDFG?FPGA??HDR??????????????????FPGA
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? 3? HDR?????????????MUX?? FPGA??????
-
a b c
>
CDFG
+
＊
‐
>
演算器制約
クロック周期制約
+
d e f
＊
>
g
A B
C D
1clock=5ns
(a) HDR?????????????FPGA??
???????
FPGA上のHDRアーキテクチャ
スライス 論理ブロック
I/Oパッド
配線チャネル
‐
＊
<
F
S
M
+
FSM
FSMハドル１　　　
ハドル
３
ハドル２
A
B C
D
-
a b c
＊
+
d e f
＊
>
g
B
C
A
C
D
Reg 
1
Reg 
2
Reg 
3
Reg 
4
Reg 
5
Reg 
6
Reg 
3
Reg 
1
Reg 
4
Reg 
7
Reg 
5
Reg 
1
Reg 
8
Reg 
9
Reg 
1
R
e
g
1
R
e
g
2
R
e
g
3
R
e
g
4
R
e
g
5
R
e
g
6
R
e
g
9
R
e
g
10
R
e
g
8
R
e
g
7CS=1
CS=2
CS=3
CS=4
(b) HDR????????????? FPGA?????????
? 3.6: HDR????????????? FPGA???????
??HDR?????????????????????FU??????????????
???????FPGA???????????????????????????????
?????????????????????????????????????????
?? FU????????????? I/O??????????
3.3 ????
?????????????????????????????????????FPGA
???????????FPGA???????????????????????????
??????????????????MUX???????????? 1???????
??????????FPGA??MUX???????????LUT??????MUX?
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? 3? HDR?????????????MUX?? FPGA??????
? 3.1: FPGA?ASIC????????????????????.
?????? FPGA ASIC
(FU/MUX/????) ?? LUT? ?? ??
??? 1.00 1.00 1.00 1.00
??? 1.00 1.00 1.01 1.21
??? 2.84 11.1 2.00 7.15
??? 19.6 24.1 10.5 9.06
????? 1.47 2.44 0.42 1.02
??? 1.06 0.38 0.15 0.40
AND 0.55 1.00 0.02 0.24
2??MUX 0.66 1.00 0.03 0.39
???? 0.24 - 0.09 1.08
??????????LUT??????????????????MUX? 4??????
?????? 2??????????????
?? 1 (FPGA????????)
? 3.1? FPGA? ASIC??????????????LUT?????? 1?????
??????????????????????????????????? 16????
???????? FPGA?????Xilinx? ISE Design Suite 14.2? XST??????
??FPGA????Virtex-6??????ASIC?????Synopsys ??Design Compiler
D-2010.03-SP5 ???????????????????????? 5.0ns???????
STARC 90nm????????????????
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? 3? HDR?????????????MUX?? FPGA??????
? 3.1????? FPGA?ASIC???? FU???/????????????????
FU ??????? =
P
(FPGA? FU ???)P
(ASIC? FU ???)
=
1:00 + 1:00 + 1:00 + 2:84 + 19:6 + 1:47 + 1:06 + 0:55
1:00 + 1:01 + 2:00 + 10:5 + 0:42 + 0:15 + 0:02
 1:8 (3.9)
FU ? area???? =
P
(FPGA? FU ? LUT ?)P
(ASIC? FU ???)
=
1:00 + 1:00 + 1:00 + 11:1 + 24:1 + 2:44 + 0:38 + 1:00
1:00 + 1:21 + 7:15 + 9:06 + 1:02 + 0:40 + 0:24
 2:0 (3.10)
MUX??????? = FPGA?MUX???
ASIC?MUX???
=
0:66
0:03
 22 (3.11)
MUX??????? = FPGA?MUX? LUT ?
ASIC?MUX???
=
1:00
0:39
 2:6 (3.12)
??????????? = FPGA????????
ASIC????????
=
0:24
0:09
 2:7 : (3.13)
MUX?????FPGA??ASIC??????? 2.6?????? 22????????
??FU?????FPGA??ASIC??????????? 1.8?????? 2.0????
??????????? FF????????????????????? 2.7??????
????????FPGA???ASIC????????????MUX?????????
?????????????????FPGA??MUX?????????????????
?? 2 (FPGA?MUX?????????)
???MUX???????????LUT???????? 3.2?????????Xilinx
?? ISE Design Suite 14.2????XST?????????????? 16???????
Virtex-6?????????? 4?? 6??LUT? 4??FF?LUT??????????
2??MUX???MUX?Dedicated MUX?????? 3.2???2{4???MUX? 16?
? LUT??????5?????MUX? 32???? LUT???????????2{4?
??MUX????????5?????MUX???????????????????
?????? 2{4???MUX????????????5?????MUX??????
Virtex-6? 6?? LUT??????????2{4???MUX?????????????
?????????????8???MUX? 5{7???MUX????????????
?????????8???MUX? ISE?????????MUX??????????
?????????FPGA?? 4?????MUX??????????????????5
???MUX???????????? 4???MUX????????????
40
? 3? HDR?????????????MUX?? FPGA??????
? 3.2: FPGA??????????MUX????LUT????MUX?.
MUX ?? [ns] LUT? ??MUX?
(?????? 2??MUX?)
2??MUX 1.002 16 0
3??MUX 1.184 16 0
4??MUX 1.186 16 0
5??MUX 1.575 32 0
6??MUX 1.650 32 0
7??MUX 1.717 47 1
8??MUX 1.443 33 16
16??MUX 1.611 66 48
??????FPGA????????MUX? 4???????????MUX????
????????????
? 2 MUX????? 4???????????? 3.7?????????? 5?????
MUX????????????????????????????????????? 4
?????MUX????????????? 3.7(a)????????????? 1?? 5
???MUX???????????????????????????????? a??
e? 5????????????????????? 1????????? 2??????
? 5?????????????????????MUX? 3??? 2?????????
????????????????????????????????MUX? 4????
????????????????????? LUT????????????MUX???
??????? 1:575  1:184 = 0:391ns??????
5{7???MUX????4?????MUX? 2????LUT????????? 3.7(b)
? 6???MUX 2???????????6???MUX? 32?? LUT??????4?
??MUX? 16?? LUT??????????? 2?? 6???MUX 2???????
????????? 3????? 4???MUX 3????????? 32? 2  16? 3? 16
? LUT?????????????? 1:650  1:186 = 0:464ns??????
8???16???MUX????4???MUX??????????????? LUT?
???????????? 3.7(a)????????????? 8???16???MUX? 4
???MUX?????? LUT??????????????8???16???MUX? 4
???MUX???????????????????8???MUX? 33??LUT???
? 1.443ns?????4???MUX? 16?? LUT???? 1.186ns??????? 3.7(c)
? 8???MUX 1????????????? 1?? 8???MUX??????????
????? 2????? 4???MUX 2????????33  16? 2? 1? LUT???
???????????MUX???? 1:443  1:186 = 0:257ns??????
???????????? 5?????MUX???????????????????
?????????MUX? 4?????????MUX???????LUT??????
????????
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? 3? HDR?????????????MUX?? FPGA??????
a
b
c
d
e
a
c
e
b
d
a b
c d
e f
a
c
eb
d
g h
i j
k l
f
g h
i j
k l
a b
c d
e f
g h
a
c
eb
d
f
g h
(a)５入力以上のMUXの分割
(b)６入力のMUXの分割
(c)８入力のMUXの分割
レジスタ
MUX
レジスタに
割り当てられた
変数
? 3.7: MUX?????????
?????FPGA????MUX????????????????????????
??????????
1. MUX????????
2. MUX? 4????????
????????? LSI??????MUX?MUX????????????????
???????????????? LSI??????????????????????
??????????????FPGA????????????4?????MUX???
????LUT?????5?????MUX?????????????????????
Virtex-6? 6??? LUT????????4?????MUX? 6?? LUT??????
??????FPGA?????????????????????????MUX????
?????????????????? FPGA???????????????????
???????
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? 3? HDR?????????????MUX?? FPGA??????
3.4 ????????
?????HDR?????????????MUX?? FPGA???????????
?????[2]??????HDR???????????????????MH4????
?????????HDR?????????????FPGA??????????????
?????????????????????????????????FPGA??MUX
??????????????????????????????????????MUX
?????????????????? 2?????????????????????
??????/FU?????????????????????????????????
??????????????????????MUX????????????????
? FPGA????????????
[2]??? MH4??????????? FU???????????????????
????????????????????????? 1?? FU???????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????MH4?MUX?????????????????
?????????????? FU?????????????????????????
????????MUX??????????????
HDR????????????? FPGA????????MUX??????????
HDR?????????????MUX?? FPGA?????????????????
3.8?HDR?????????????MUX????????????????????
???????????? CDFG???????????????????RTL????
?????????????????????????????????????? 1??
?????????????????? (???? 1)?????????????????
?/FU??????? (???? 2)???????????? (???? 3)????????
? (???? 4)?????????????? (???? 5)???????????????
?????????????????????????????????????? (???
? 6)?
? 3.9??????????????????????????????????????
i??????????????????? 2?????CDFG????????????
?????????? Ci?????????????? 2{5?????????????
??????? 1??????????????????????? 0?????????
?????????????????????????????????????????
???????(???? 2)????????????????????/FU??????
??(???? 3)????????????(???? 4)???????????????
????????????????????(???? 5)???????????????
????????? 5????????? [2]?????timing violation????????
????????????????????? 2???????????????? timing
violation?????????????????????????? 2??????????
?????????????????????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
フロアプラン指向ハドル合成
レジスタ/コントローラ合成
パス考慮スケジューリング
/FUバインディング
パス考慮
レジスタバインディング
フェーズ2
フェーズ3
フェーズ4
フェーズ5
コントローラ合成
演算器制約CDFG クロック周期制約
ハドルフロアプランフェーズ1
RTL回路，ハドル構成・配置
N
ハドル
構成・配置
調整フェーズ
データ転送制約を満たすか?
Y
フェーズ6
? 3.8: HDR?????????????MUX?????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????? 3.9???????????????????????
??C1  C2      Cn???? 4?
?????????????????? 0?????????????????????
???????????????? 0????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????
????????????????MUX????? FU??????? (???? 2)?
??????????? (???? 3)????????? FU?????????????
???MUX????????? 2?????????????????
 ????????????/FU???????????? 2?
 ???????????????????? 3?
????????????/FU????????????????????? 2??FU?
?????????? 2????????????????MUX???????????
4Simulated Annealing??????????????????????????????C1  C2     
Cn ????????????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
+ +
×
+
.
.
.
+
×
+
HLR
HFU
FSM
HLR
HFU
FSM
HLR
HFU
FSM
HLR
HFU
FSM
HLR HFU
FSM
C1 ステップ
+ +
×
+
.
.
.
+
×
+
HLR
HFU
FSM
HLR
HFU
FSM
+ +
×
+
.
.
.
+
×
+
.
.
.
HLR
HFU
FSM
HLR
HFU
FSM
HLR
HFU
FSM
HLR
HFU
FSM
HLR
HFU
FSM
フェーズ6
イタレーション
1回目
（タイミング違反あり）
反復処理 (フェーズ2-5)
初期解
(フェーズ1)
イタレーション
2回目
（タイミング違反あり）
イタレーション
n回目
(タイミング違反なし)
C2 ステップ
Cn ステップ
? 3.9: ??????????????
???????????????????? FU???????????????????
MUX? 4????????????MUX?????????????????????
???????/FU????????????????????????????????
?????????????????????????????????????????
??????????/FU?????????????????????????????
????????/FU???????????????
???? 1?4?5?6? [2]????????????????????????????
???/FU???????????? 2?????????????????????? 3?
??????
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? 3? HDR?????????????MUX?? FPGA??????
3.4.1 ????????????/FU???????
????????? 2?????????????/FU???????????????
??????????????????? FU????????????????????
??????????????????????????MUX????????????
????????????????????/FU???????????????????
?????
? 3 ??? 3.10??????????????/FU?????????????????
?????????????????????????????????????????
3.10(a)???????CDFG????? 3.10(b)??????????/FU???????
?????????????????????FU A;B???? 1?FU C???? 2??
?????????????????????????? 1 CS????????????
???????????? 1????????????????????????????
?????????????????? 3.10(a)?????????????? CS = 5?
??????????FU????????????????? 11?????????/FU
????????????
??? 11?????????? FU??????????????? 11???????
?????FU A{C??????? FU A?B???? 11???????? FU????
???????FU A?B?????? 1??????????? 2???????? FU
C????????? 1 CS??????????? 11?FU A?B??????????
??????? 11?CS = 6????????????? 11?CS = 7?????????
? 3.10(c)????? 11? FU A??????????????????????????
?????????????????? 1????????????? 3.10(d)?????
11? FU B?????????????????
? 3.10(a)????? 5???? 3???? 8???????????????????
???????FU?????????????????? 5?FU A????? 3?FU C
????? 8? FU B????????????????FU A?? FU B???????
??????FU C ?? FU B???????????????????????? 11?
FU??????????? FU B???? 11???????????????????
????????????? 3.10(d)???? FU B?????MUX??????????
?????? 3.10(d)???? 3.10(c)????MUX????????????FU???
?????????????????????????????????????????
????????MUX?????????????????
? 3.11?????????????/FU??????????????????????
?????????????????????????????????????????
???MUX????????????????????CDFG????????????
?????????????????????????????????????????
????????????????? FU??????????????????????
1?????????????????????????????????/FU?????
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? 3? HDR?????????????MUX?? FPGA??????
1
+ +
*
*
+
+
+
2
4
3
6
5
9
CS=1
CS=2
CS=3
A B C
C
A
B
+
A
+
B
*
CA
7 8
10
+ 11
CS=4
CS=5
a b c d e f
c d a b
a b
(a) ??? CDFG.
+ +
*
CA B
ハドル 1 ハドル 2
データ転送遅延 
= 1 CS
(b) ???????????.
＋
A
＋
B
*
C
a b c d e f
レジスタ MUXハドル 1 ハドル 2
(c) ??? 11? FU A????????.
＋
A
＋
B
*
C
a b c d e f
レジスタ MUXハドル 1 ハドル 2
(d) ??? 11? FU B ????????.
? 3.10: ????????/FU????????.
?????? FU?????????????????????????????????
??????????????????????????????????????/FU?
?????????????
????????????????FU?????????????????????FU
??????????????????????? FU????????????????
????FU????????FU??????????????????FU??????
?????????????? FU?????????????????CS??????
?? FU?????????????????????? FU?????????????
???? CS???????? FU????????????????????? CS??
??????? FU??????
? 3.11?????????????/FU?????????????????????
??????????
Step 1?CS?????
CS = 0??????????????/FU?????????????
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? 3? HDR?????????????MUX?? FPGA??????
レディーリスト作成
レディーリストから
対象ノードの選択
優先順位に基づき
FUを選択
FUをノードに割り当てて
ノードをCSに割り当て
割り当て可能か？
他の候補のFU
はあるか？
CS=0
レディーリスト
が空か？
全ノードが
割り当て済みか？
演算器制約CDFG クロック周期
ハドルの構成，配置
情報
・演算ノードを実行するコントロールステップ
・実行する演算器
CS=CS+1
Yes
No
Yes
No
Yes
Yes
No
ステップ制約
No
Step 1
Step 2
Step 3
Step 4
Step 
6-Y
Step 5
Step 
6-N
Step 7
Step 8
? 3.11: ????????????/FU????????
Step 2???????????
CS = n?????????????????????CS = n   1?????????
??????????CS = n 1??????????????????????????
????????????????????? FU??????????????????
???????????????CS = n??????????????????????
???????????????
Step 3??????????
???????????? priority(ni)??????? ni????????? ni???
???? priority(ni)????? ni?????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
????????????????????????????
cp(ni; fj) = cj + max
nk2succ(ni)
fmin
fl2F
(idfi;fl + cp(nk; fl)g (3.14)
priority(ni) = min
k2F
cp(ni; fk) (3.15)
F ????????? FU???????cp(ni; fj)???? ni? FU fj ????????
????CDFG??????????? ni?????????????????????
??cj?FU fj?????????succ(ni)????ni???????????idfj ;fl?FU
fj?? FU fl????????????????????
Step 4{7?FU????????
????????ni?????????FU?????????CDFG????????
????????? 2???????????????? 2??1??0?????????
????? 2???????????? ni?????? nj? nk??????? nj??
FU fj???? nk?? FU fk??????????????FU fj ? fk????????
??????????? ni???????? FU???? F 1path????FU fl 2 F 1path?
??? ni?????? CS = n??????????????FU fj ? fk?? FU fl??
????????????????FU fj? fk??FU fl????????????????
??? ni???? FU fl?????MUX?????????CS???????????
? FU????FU fj? fk?? FU fl?????????????????FU fl????
ni????????? ni?CS = n????????????FU fj? fk?? FU fl??
?????????????????F 1path??? FU????????
F 1path? FU??? CS = n??????? ni????????????FU fj ????
fk???????????????????????? ni??????????? FU?
??? F 2path????FU fm 2 F 2path???? ni?????? CS = n?????????
?????FU fj ? fk?? FU fl??????????????????FU fj ? fk??
FU fm??????????????????? ni???? FU fm??????????
????MUX????????? CS???????????? FU????FU fj ? fk
??FU fm?????????????????FU fm???? ni????????? ni
?CS = n????????????FU fj? fk?? FU fm?????????????
??????F 2path??? FU????????
F 2path? FU???CS = n??????? ni??????????????? ni???
?????????????????????????FU fn?????????????
????????? ni?FU fn?????????????????CS????????
????? ni???? FU fn????????? lat(ni; fn)???????????
lat(ni; fn) = cstep(ni; fn) + cp(ni; fn) (3.16)
cstep(ni; fn)???? ni?FU fn??????????????????????????
?????????????? FU fn???? ni?????? CS = n????????
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? 3? HDR?????????????MUX?? FPGA??????
??????????FU fj? fk??FU fn??????????????????FU fj
? fk?? FU fn????????????????FU fn???? ni?????????
ni?CS = n????????????
FU fj? fk?? FU fn????????????????????? ni?CS = n??
???????????????????????????????????
????? 1?? 0??????????? 2???????????
Step 8??????
????????????????CS = n???????????????????
??????????????CS = n + 1?????????????????????
????????????????????????????
3.4.2 ???????????????
????????? 3??????????????????????????????
?????????????????????????????????????????
?????????????????????????????????
????????? 3??????????????????????????????
??????/FU?????????????????FU??????????????
????????????????? FU??????????????????????
????????????????????????????????????/FU???
??????CDFG??????????????????????????
?????????????????? 2?????
(1) ???????????????
(2) ??????????????????????????
???????????????????? (1)?(2)???????? (3)?????MUX
??????????????
(3) ??????????? FU??????????????????????????
?????MUX????? 4??????????
FU fs??????FU ft???????? vi???????????????????
????????????????????????????????FU fs? FU ft??
???????????????????????????????????????? ri
????? vi????????????????? ri?FU fs?????????????
??????? ri????MUX?????????????? ri?FU ft???????
?????????FU ft????MUX??????????????[39, 40]?????
??????MUX???????????????????R??????FU fs???
????????????Rin?FU ft???????????????Rout??????
rj 2 Rin \ Rout??????? rj ??? vi???????????????????? rj
??? vi????????????MUX????????Rin\Rout = ????rj 2 Rin
???????? rj?rj 2 Rout???????? rj????????? vi???????
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? 3? HDR?????????????MUX?? FPGA??????
スケジューリング済みCDFG ハドルの構成，
配置情報
レジスタバインディング済みCDFG
ハドル毎に
調整レジスタ統合
ハドル毎に
出力先一致レジスタ統合
ハドル毎に
入力先一致レジスタ統合
ハドル毎に
入出力先一致レジスタ統合
ハドル毎に
初期レジスタバインディング
Step b-1
Step b-2
Step b-3
Step b-4
Step b-5
? 3.12: ??????????????????
????????????????????????????????????????
?????1??? 1?????????????????????????????MUX
????? 4?????????????????????????MUX?????????
? 3.12?????????????????????????????????????
???????????CDFG???????????????????????????
??CDFG????????????????????????????????????
?????????????????????????????????????????
?????????? 5?????????????
Step b-1 ??????????????????? 1????????????????
??????????1??? 1?????????????????? (3.6)?(3.7)???
????????????????????? FU????? 1????????? FU?
???? 1??????????? 3.13???????????????????????
3.13(a)????DFG?????FU f1????A??FU f2????B????????
????????????????? a, b, d, e?????????? 1?????????
3.13(b){(e)????? 1?2?4?5??????????????????????? c??
??????????????FU f1??????? Slack(f1)?? (3.6)???????
3.13(b)?(d)??????? B??? c??????????????Slack(f1)?? (3.6)
????????? 3.13(c)?(e)???????A?B?????????? 1?????
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? 3? HDR?????????????MUX?? FPGA??????
+
-
a b
c
d
e
(a) CDFG???
+
f1
レジスタ1 レジスタ2
a b
c
-
f2
レジスタ3 レジスタ4
d
レジスタ5
e
ハドルA ハドルB
(b) ? (3.6) ?????????.
+
f1
レジスタ1 レジスタ2
a b
c
-
f2
レジスタ3 レジスタ4
d
レジスタ5レジスタ6
e
ハドルA ハドルB
{
1 CS
(c) ? (3.6) ???????????.
+ f1
-
CS=1
CS=2 f2
レジスタ1 レジスタ2
a b
c
d
レジスタ4
レジスタ4
レジスタ5
レジスタ3
e
(d) (b) ????????????? CDFG.
+ f1
-
CS=1
レジスタ6
CS=3 f2
レジスタ1 レジスタ2
a b
c
d
レジスタ4
レジスタ4
レジスタ5
レジスタ3 レジスタ4
CS=2
e
(e) (c) ????????????? CDFG.
? 3.13: ?????????????????.
??????-???????????
??????????????????????????R????ri 2 R?????
FU?????????Min(ri)????? FU?????????Mout(ri)??? 5?
5????? FU? 1????? 2????1??????????Mout(ri)?? FU?????????
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? 3? HDR?????????????MUX?? FPGA??????
a
レジスタ
A
G
b
H
c
G
A D
d
G
B
e
H
B
レジスタに
割り当てられた
変数g
E
A
h
D
E
i
H
j
G
C C
k
E
B
l
H
D
n
F
B
A-D: FUの出力ポート
E-H: FUの入力ポート      
f
E
C
m
F
A
(a) ???.
B
E
k
AB
F
m
n
C
G
j
D
H
l
ABC
H
b
e
i
f
g
h
ACD
E
a
c
d
G
ABD
(b) (Step b-4) ????????????.
a
A
EFGH
b
g
B
d
C
EHG
f
i
j
D
EGH
c
h
lm
EFGH
e
k
n
(c) (Step b-3) ????????????.
f g
h
J l
a c
d k
m
n
b
e
i
レジスタに付随するMUX数 : 3個
FUの入力ポートに付随するMUX数 : 3個
合計 : 6個
E F G H
A B C D
(d) (Step b-4)?(Step b-3) ?????????????
?.
c
h
l
a b d 
e f g
I j k 
m n
レジスタに付随するMUX数 : 2個
FUの入力ポートに付随するMUX数 : 3個
合計 : 5個
E F G H
A B C D
(e) (Step b-3)?(Step b-4) ?????????????
?.
? 3.14: ???????????.
?????
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? 3? HDR?????????????MUX?? FPGA??????
Step b-2???????????????Min(ri)\Min(rj) 6= ??Mout(ri)\Mout(rj) 6= 
???????? ri????? rj?????????? 1??? 2????????????
?? 1 ri? rj?????????????????
?? 2 ri? rj???????????????????????????
?? 3 ????????rk????Count(Min(rk)) 5 3????Count(Min(rk))?Min(rk)
?????????
?????????????????FU???????????MUX????????
?????
Step b-3 ??????????????Min(ri) \Min(rj) 6= ???????? ri???
?? rj??? 1?2????????????????????????????????
MUX?????????????
Step b-4 ??????????????Mout(ri) \Mout(rj) 6= ???????? ri??
??? rj ??? 1?2????????????????????? FU????????
???MUX????????????? rk??MUX????????? 4??????
??MUX?????????????????????????????
Step b-5 ???????????????????????? 1?2??????????
????????????????? rk??MUX????????? 4????????
MUX?????????????????????????????
?????????????????????(Step b-3)????????????(Step
b-4)????????????????????(Step b-4)?(Step b-3)????????
??MUX????????????????? 3.14?????????????????
3.14(a)?????????????????????????????????????
??????????? FU????????????????????? FU?????
?????????????????????????????????????????
??? 3.14(a)???? 14?????????????????????????????
??????????????? 4?????????????????????(Step b-4)?
(Step b-3)??????????(Step b-4)????? 3.14(b)?????????????
???E????????? 3.14(b)????????????????????????
?????????????????????? 3.14(d)????????????? 3?
?MUX?? 6????????(Step b-3)?(Step b-4)??????????? 3.14(c)?
?????????????????????????????????????????
??? 3.14(e)????????????? 2??MUX?? 5?????????????
????????????????????(Step b-3)????????????(Step b-4)
?????????????????
????????????????????????????????????????
???4??????????????? 3.15????? 3.15(a)????????????
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? 3? HDR?????????????MUX?? FPGA??????
?????????????????????????????????????????
?????????FU??????????????????????????FU???
???????????????????????? FU???????????????
???????????????????????
Step b-1 ??????????????????????? 1????? 1??????
?????????????????????????? FU????? 1????? FU
????? 1??????????
Step b-2 ????????????????????????FU???????????
?????????????????????? FU?????????????????
??????????? 1?2??????????????? 3.15(b)??
Step b-3 ?????????????????????????????????????
?FU??????????????????? 1?2????????????? 3.15(c)??
Step b-4 ???? FU?????????????????? 1?2??????????
??? 3.15(d)????????????????????????? FU????????
???? 3??????????????????????? 3????????????
???????????????????????????????????? 4????
??????????????????FU??????????????FU??????
?????????????????
Step b-5 ????????????? 1?2????????? FU?????????
???????? 3???????????????????????????????
3.15(e)??????????????????????????????????????
??? 4???????????????????MUX?????? 4????????
????? 3.15(e)??????????????????????????????
3.5 ??????????
????????????????????????????????????????
???????
3.5.1 ????
??????????????????????????
HDR?????????????FPGA??????? 3.16(a)???????????
C++??????????????????????????RTL???????????
Xilinx? ISE Design Suite 14.2????????????????????????FPGA
????Xilinx??Virtex-6????????dsp?????????????????ISE
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? 3? HDR?????????????MUX?? FPGA??????
 
 
 
a b e f g i j k
b d f i
a c f h k
1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1
A B
CA
a
a
B
b
C B
f
f
f
C i
i
C
A
k
k
D D D
Cb
D
ハドル1 ハドル2
ハドル3
AL AR BL BR
CL CR
DRDL
AL AL ARBRBR
CLCRCL
DRDRDRDL
(a) ???????????
????.
a b
e
g
f i j k
b d f i
a
c
h
f k
1 1 1 1 1 1 1
1 1 1 1
1 1 1 1
A B
CA
a
a
B
b
C B
f
f
f
i
i
C
A
k
k
D D
Cb
D
ハドル1 ハドル2
ハドル3
AL AR BL BR
CL CR
DRDL
AL ARBRBR
CLCRCL
DRDRDL
(b) ???????????
????.
a
j
b
f
e
g
i k
b
d
i
f
a
c
h
k
f
1 1 1 1 1
1 1 1
1 1 1
A B
CA
a
B
bf
C
f
f
i k
D
Cb
D
ハドル1 ハドル2
ハドル3
AL AR BL BR
CL CR
DRDL
AL ARaBR BR
CLCRiCL
DRDR kDL
(c) ???????????
???.
a
i
j
b
f
e
g
k
b
f
d
i
a
c f
h k
2 1 1 1
1 2
2 1
A B
CAi
a
B
bf
C k
D f
Cbf
D
ハドル1 ハドル2
ハドル3
AL AR BL BR
CL CR
DRDL
AL ARaBR
CL CR i
DR kDL
(d) ???????????
???.
a b
f i j
e
g
k
b
f
d
i
a c f
h k
3 2
3
3
A B
CABi
a
Ck
D f
bCf
D
ハドル1 ハドル2
ハドル3
AL AR BL BR
CL CR
DRDL
AL ARaBL bf
CLCR i
DR kDL
(e) ???????????
????.
? 3.15: ?????????????????.
??PlanAhead??????????????????????????????????
?????????????????????ISE?????????????FPGA??
HDR????????????????
???????????????????AMD Opteron 2360SE 2.5GHz?2?????
16GB??????????????????????????Intel Core i5-2520M 2.5GHz
?2????? 4GB????
??????????????HAL????? 11)?PARKER????? 22??????
?)?DCT????? 48)?jacobi????? 52)?7? FIR????????? 75)?EWF3
????? 102)?copy????? 378???????)?????????????????
???? 4.12????FU??????? 16????????FU????????? 1?
?????????????????????60??????????? 1ns????
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? 3? HDR?????????????MUX?? FPGA??????
? 3.3: ??????????.
FU/???? ????? ?? [ns]
??? 4 1.5
??? 4 1.5
??? 38 4.3
??? 91 29.9
??? 2 1.6
????? 13 2.2
AND 6 0.83
???? 4 0.37
??????? 0 1.8
HDRアーキテクチャを
対象とした高位合成
(提案手法および[2]の手法)
演算器制約CDFG クロック周期制約
RTL記述
論理合成 (ISE)
ハドル構成・配置
配置配線
(PlanAhead)
FPGA上の
HDRアーキテクチャ回路
ビットファイル生成
(ISE)
Step c-1
Step c-2
Step c-3
Step c-4
(a) HDR??????????????
SRアーキテクチャを
対象とした高位合成
演算器制約CDFG クロック周期制約
RTL記述
論理合成 (ISE)
配置配線
(PlanAhead)
FPGA上の
レジスタ集中型アーキテクチャ回路
ビットファイル生成
(ISE)
Step d-1
Step d-2
Step d-3
Step d-4
(b) SR???????
? 3.16: FPGA??????????????
??????????? SR? [2]??????SR?????????????????
?????????????????????????????????????/FU??
??????? [57]????????????? [46]?????????????????
???????SR???? FPGA??????? 3.16(b)????[2]?????????
?? 3.16(a)???????????
3.5.2 ????
?????????????????????????????
?????? 3.4????? 3.4? 1???App.????????????2?????
???3?????????????FU??????????Add? 2???? 2??Sub
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? 3? HDR?????????????MUX?? FPGA??????
? 3.4: ???????.
Clock Total
period Applied synthesis
App. #Nodes FU constraint constraint [ns] algorithm #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, Sub1, SR - 5.260 6 31.56 136 425 146 131
hal 11 Mul2, 6 [2] 3 4.856 5 24.28 124 365 159 126
Comp1 ???? 2 4.944 5 24.72 107 340 142 135
Add2, SR - 2.151 7 15.06 80 229 256 136
parker 22 Sub2, 3 [2] 3 2.434 8 19.47 69 246 288 254
Comp1 ???? 2 2.264 8 18.11 62 225 270 155
Add4, SR - 5.670 8 45.36 460 1269 355 171
dct 48 Mul4 8 [2] 5 5.947 9 53.52 369 1187 503 207
???? 4 5.468 8 43.74 321 1101 495 186
Add2, SR - 21.75 17 369.8 489 1317 297 167
jacobi 52 Sub1, 32 [2] 4 23.37 17 397.2 373 1289 336 188
Mul2, Div2 ???? 4 22.61 17 384.4 340 1249 334 244
Add4, SR - 5.865 15 87.98 492 1449 309 163
r 75 Mul4, 7 [2] 4 5.769 15 86.54 420 1435 398 210
Mem1 ???? 4 5.267 15 79.01 261 913 432 213
Add4, SR - 5.989 40 239.6 604 1659 376 186
ewf3 102 Mul4 7 [2] 4 5.190 40 207.6 507 1509 395 279
???? 4 5.066 40 202.6 441 1443 486 239
Add3, Sub1, Mul5, SR - 6.987 82 572.9 1747 4904 1511 310
copy 378 Comp1, Rshift2, 12.5 [2] 7 6.884 82 564.5 1591 5048 2429 898
AND1, Mem1 ???? 8 6.709 82 550.1 1324 3929 2696 557
? 1???? 1?????Mul?????Div?????Comp?????Rshift????
???Mem???????????????????[1, 2]????????4?????
????????????????????5????????????????????
?? SR????? [2]?????????6???????? [2]?????????7??
??????????????????????????????8??????????
??????9???DelayCS??????????????10??????????
?????11???????? LUT??12????????FF?????13?????
????????????????????????????
? 3.4? 7{9????????????????????? CS???????????
??????????????????????????????????? SR????
???????????? 22%??? 4%????[2]??????? 18%??? 6%???
???????MUX?????????????HDR?????????? [2]????
????????????hal??????????????????????? [2]???
??????????????hal??????0.088ns????????????0.44ns?
?????????????????????????????????????????
??????????????MUX????????????????????
????????? SR?????hal, parker, jacobi????????????????
????????hal? parker????????????????????????????
?? jacobi????????????????????????????????????
?????????????????????????????????????????
????HDR??????????????????????????????????
??????????????????????r, ewf3, copy????????????
????????????????????????????
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? 3? HDR?????????????MUX?? FPGA??????
???? 3.4? 10??????????? SR???????????????? 47%?
?? 29%????????[2]??????? 38%??? 16%?????????????
?????????????????SR?[2]???????????????????
3.6 ??????
?????FPGA???????????????? 1???????????MUX?
?????????????????????????????MUX?????????
????? FPGA????????????HDR?????????????MUX??
FPGA???????????????FPGA??????????????????MUX
?FPGA?????????????????????????MUX?????????
????????????MUX?????????????MUX??????????
????????????????????????????????HDR???????
??????MUX??FPGA???????????????????????????
??????SR, [2]????????????????????????
???????????????????? 1????HDR????????????
????????????????????????????????????????FU
?????????????????????? 2?????FPGA???????????
????????????MUX??????????????????????????
??????/FU?????????????????????? 2??FU??????
????? 2????????????????MUX????????????????
???????????????? FU???????????????????MUX?
4????????????MUX?????????????
????????????????????????????????????????SR?
?????????????????? 22%??? 4%???????????? 47%??
? 29%???????????????????????HDR????????????
??????? [2]?????????????????? 18%??? 6%????????
???? 38%??? 16%????????????
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?4? ????????FPGA????
????????????????
?????
4.1 ?????
???? 1?FPGA???????????????? 2??????????????
???????????????????????????????????FPGA???
?????????????????????????IDEF???CSEF????????
??FPGA???????????????/????????????????????
?????????????????????????????????????????
????????????????????????????????? 3???????
??????? FPGA??????????????????????
FPGA?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????FPGA???????????????????????
??????????????????????? FPGA??????????FPGA?
???????????????????????????FPGA???????????
?IDEF??????????FPGA?????????????????????FPGA?
????????????????????????????FPGA??????????
????FPGA??????????????????????????????????
?????CSEF??????????????????????????FPGA????
??????????????????????????? 3?????????????
? FPGA??????? IDEF?CSEF????????????????????
4.2 FPGA???????
?????FPGA??????????????
[47]???????????Virtex-7 [73]????????????FPGA??? 2??
?????????????????????????????????????????
1?????? [32]????
60
? 4? ???????? FPGA?????????????????????????
ソース側
FF
デスティネ
ーション側
FF
in out
clock
reset
データ転送遅延
? 4.1: ???????.
??????????????????????????????????????????
?????????????????????
?????????????? 4.1???????Xilinx??Virtex-7?xc7vx485tg1761-
2???????????? 4.2?Virtex-7????????????Virtex-7??????
4?? 6?? LUT? 8??FF???????????????MUX?XOR??????
???Xilinx??Vivado Design Suite 2014.2????? 4.1???????? FF?? 4.2
?FF1????????????FF?? 4.2?FF2??????? 4.2?Vivado????
?????????????FF1??????????????????????????
????????????????????????? FF2??????FF1?? FF2?
???? Vivado? STA?Static Timing Analysis????????????0.109ns???
????????????????? 0.109ns??????????????? 4.2???
?????????????????????????????????????????
???????????????????
????
???????????????????????4.3?Xilinx??Virtex-7 (xc7vx485tg1761-
2)?????? [73]2?? 4.3(a)??????Virtex-7? 14?????????Clock region:
CR????????? 4.3(b)?????CR????????????????DSP???
??RAM??I/O??????????Virtex-7???????????????????
???????????????????????S(x; y)?Virtex-7? x? y??????
???????x, y???? 0  x  221 and 0  y  349????
???? SA = S(xA; yA)?????? SB = S(xB; yB)???????????????
???
1. 3???????1???????2??FF??????? 4.1??????????
??????
2. ????????????? I/O?????????
2???????????????? FPGA? 1???? Virtex-7?????????????? 4.4?
??????? Xilinx?? FPGA????????????
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? 4? ???????? FPGA?????????????????????????
FF1
FF2
FF3
FF4
FF5
FF6
FF7
FF8
専用ロジック
(専用MUXや
XORロジック)
LUT
スライス
スイッチ
ボックス
スライス間の配線
スライス内の配線
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
? 4.2: ???????????????.
I/Oパッド
特殊セル スライス
222スライス
350
スライス
クロック領域
(Clock Region: CR)
(a)
(b)
112スライス110スライス
キャリチェーンの
占有領域
12スライス
100
スライス
? 4.3: Virtex-7????????? [73].
3. ???? FF??????????? FF????? SA = S(xA; yA)???????
??FF????????????FF????????? t(SA; SA)?Vivado? STA
?????????? 4.4(a)??
4. ?????????? FF????? SB = S(xB; yB) (SA 6= SB)?????????
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? 4? ???????? FPGA?????????????????????????
222スライス
350
スライス
CR
in
out
SA=S(xA,yA) t(SA,SA)
clock
reset
S0=S(0,0)
(a) Simulating t(SA; SA).
222スライス
350
スライス
CR
in
out
SA=S(xA,yA)
clock
reset
SB=S(xB, yB)
t(SA, SB)
S0=S(0,0)
100スライス
100スライス
SQ=S(110, 325)
SP=S(10, 225)
(b) Simulating t(SA; SB).
? 4.4: Virtex-7??????????.
? 3??????????? t(SA; SB)??????? 4.4(b)??
5. Dw(SA; SB)????? SA = S(xA; yA)?????? SB = S(xB; yB)???????
??????????????
Dm(SA; SB) = t(SA; SB)  t(SA; SA): (4.1)
????????? 4.1??????????????????????????????
???????????????????????????? FPGA?????????
???? I/O???????????????????????????????????
???????????????FPGA?????????HDR???????????
???????????????????????? FPGA?????????????
2.4???????HDR????????????????? FU???????????
?????????????????????????????????????????
??????????????????????????? 4.1????????????
?????? FPGA????????????????????
????
?? 1 (FPGA?????????)
Virtex-7?SpeedGrade -2??? 10??????????????????? FF???
???????? FF???????? 100?????????????????? 4.1?
????????? 4.1? 2{6??????FPGA????? 100???????????
???????????? 100??????????????? 4.1? 7{11???????
????????????????FPGA??????????????????????
?????????????????
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? 4? ???????? FPGA?????????????????????????
? 4.1: 100????????????? (?? 1).
Placement of source Placement of Dm(SA; SB) [ns]
FF SA destination FF SB
S(0; 0) S(100; 0) 1.77
S(50; 100) S(150; 100) 1.80
S(70; 220) S(170; 220) 1.76
S(110; 260) S(210; 260) 1.92
S(20; 320) S(120; 320) 1.88
S(0; 0) S(0; 100) 1.59
S(20; 180) S(20; 280) 1.63
S(50; 50) S(50; 150) 1.68
S(160; 200) S(160; 300) 1.59
S(220; 240) S(220; 340) 1.60
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? 4.5: ??????????????????????? (?? 2).
?? 2 (??????????)
Virtex-7 (Speed Grade -2) ?????????????????????? S0 = S(0; 0)
?????? Sx = S(x; 0)???? Sy = S(0; y)???????????? 4.5?????
??????Dm(S0; Sx) and Dm(S0; Sy)?????????? 4.5????FPGA????
?????????????????????????FPGA?????????????
???????????
?? 3 (?????????)
?????????? 6???????? Vertex-7 (Speed Grade -2) ????????
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? 4.2: ????????????? (?? 3).
Horizontal distance X [slices] Vertical distance Y [slices] Dm(S0; Sx;y) [ns] Dm(S0; Sx) +Dm(S0; Sy) [ns]
100 120 3.40 3.58
100 240 5.00 4.98
100 349 5.84 6.19
221 120 5.24 5.50
221 240 6.66 6.90
221 349 8.14 8.10
? 4.3: Speed Grade????/????????? (?? 4).
Speed Grade Dm(S0; Sx) [ns] Dm(S0; Sy) [ns]
-1 4.06 3.37
-2 3.51 2.89
-3 3.16 2.67
??????????? 4.2????? S0 = S(0; 0)?????? Sx;y = S(x; y)????
???????Dm(S0; Sx;y)?????????? 4.2? 1, 2??????? S0 = S(0; 0)
????? FF????? Sx;y = S(x; y)??????????? FF?????????
??? X = Lh(S0; Sx;y)?Y = Lv(S0; Sx;y)????4????? 2?????????
Dm(S0; Sx) +Dm(S0; Sy)??????? 4.2????????Dm(S0; Sx;y)???????
??Dm(S0; Sx)?????Dm(S0; Sy)???????????????
?? 4 (Speed Grade?????????)
Speed Grade?-1, -2, -3???????? Virtex-7?????????????????
? 4.3? Sx = S(200; 0)?Sy = S(0; 200)???????????Dw(S0; Sx)?Dw(S0; Sy)
?????????Speed Grade?-1???????????? 16%??????????
17%?Speed Grade?-2???????????Speed Grade?-3???????????
? 10%?????????? 8%?Speed Grade?-2?????????????????
? FPGA? Speed Grade????????????????????????
?? 5 (FPGA????????????)
Airtex-7 (xc7a200tg1156-2), Kintex-7 (xc7k480tg1156-2) ? Virtex-7 (xc7vx485tg17
61-2)?????????????????????????? 4.4????? 4.4????
?FPGA??????????????????????????????????18%?
??????????FPGA????FPGA?????????????????????
????????? 18%?????????
??? 5?????????FPGA????????????????????????
???[12,42]????????????FPGA????Speed Grade??????????
???????????????????????????????????? FPGA?
???????????????FPGA????????????????? FPGA??
????????????????????????????
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? 4.4: FPGA???????/????????? (?? 5).
Horizontal distance Vertical distance Dm(S0; Sx) or Dm(S0; Sy) Ratio
FPGA family [slices] [slices] [ns] Dm(S0; Sx)=Dm(S0; Sy)
Airtex-7 160 0 2.89 2:89=3:00
0 160 3.00  0:96
Kintex-7 160 0 2.45 2:45=2:39
0 160 2.39  1:03
Virtex-7 160 0 2.67 2:67=2:26
0 160 2.26  1:18
I/Oパッド
特殊セル
0
0
Horizontal 
clock row
...
.
.
.
SM=S(20,0)
(x(SM),y(SM))=(29.63,0)
1.271.27
7.09
1.00
...
.
.
.
S0=S(0,0)
(x(S0),y(S0))=(0,0)
SN=S(0,30)
(x(SN),y(SN))=(0,31)
1.27
クロック領域
(CR)
クロック領域
(CR)
水平方向の
CR間の隙間
? 4.6: ??????????Virtex-7?????.
??????????????
?? 2??????FPGA??????????????????????FPGA???
?????????I/O??????????????????FPGA?????????
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? 4.7: ????????????????????.
??????????????????
Virtex-7?????????????????????? 1.00????????????
1.27?I/O?????? 7.09?horizontal clock row (? 4.8) ???? 1.00??CR????
????? 1.27????? 4.6????????????????????????
????x(SA)? y(SA)? FPGA????????? SA??????????????
?????????? S0? FPGA??????????????S0?????????
(0,0)????? 4.6????? SM????????????? SN???????????
?????????????????
x(SM) = 1:00 20 + 1:27 2 + 7:09 = 29:63
y(SM) = 0 (4.2)
x(SN) = 0
y(SN) = 1:00 30 + 1:00 = 31 (4.3)
???????????????????? 2????? 4.7????? 4.7??????
?????????????????????????????????????????
??????????????FPGA????????????????????????
????????????????????????? I/O??????????????
?FPGA???????????????????????????????FPGA???
??????????????????????????????????Xilinx?Vivado
??FPGA????????????????????????????????????
?????? FPGA???????????????????????????????
??????
?????? FPGA??????????????????? I/O ?????????
???????????????????????????????Xilinx?? FPGA?
?? FPGA??????FPGA?????????????????????????
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4.3 FPGA????????????IDEF?
?????FPGA???????FPGA???????????????????????
??FPGA????????????????FPGA?????????????????
FPGA???????????????????????????????????FPGA?
???????????IDEF?Interconnection-Delay Estimate model for Floorplan-driven
FPGA-HLS?????????????FPGA??????????? IDEF??????
?????????????????????????
???? SA?SB ??S(xA; yA) and S(xB; yB)?????????? 4.2??????
FPGA??????????????? SA?SB ??????De(SA; SB)???????
???
De(SA; SB) = Cdh  jxA   xBj+ Cdv  jyA   yBj: (4.4)
????Cdh?Cdv?????????????????? FPGA????Speed Grade?
????? 2?????????????????Virtex-7 (Speed Grade -2)??? 4.5?
?????Cdh = 0:0167?Cdv = 0:0130????
? 5 ? 4.4(b) ?????? Virtex-7 ?????? SP = S(10; 225) ?????? SQ =
S(110; 325)?????????????Virtex-7 (Speed Grade -2)??Cdh = 0:0167?Cdv =
0:0130????
???? SQ? SP ??????? j10  110j = 100????????? j225  325j = 100
?????????????? SQ? SP ??????De(SP ; SQ)???????????
De(SP ; SQ) =0:0167 j10  110j
+ 0:0130 j225  325j = 2:97ns (4.5)
?? 6 (IDEF???)
IDEF????????????? 4.1???????????????????????
????????? IDEF?? (4.4)??????????????????????????
???????? 4.5????? 4.5????IDEF????????? 0.20ns??? 0.10ns
??????? 4.6????????????????????? 1??? 3???????
?????????????????
4.4 FPGA???????????
?????FPGA????????????????????????? FPGA???
??????????????????????
???FPGA????????????????????? 4.8?Xilinx??Virtex-7?
????? [74]???????????????????? 150???????? 1??
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? 4.5: ???????????????? (?? 6).
Distance between two slices [(slices,slices)] Simulated delay [ns] Estimated delay by Eq. (4.4) [ns] Estimated error [ns]
(Lh(S0; Sx;y); Lv(S0; Sx;y)) Dm(S0; Sx;y) De(S0; Sx;y)
(75; 120) 2.97 2.81 0.16
(75; 240) 4.31 4.37 0.06
(75; 349) 5.59 5.79 0.20
(150; 120) 4.01 4.07 0.06
(150; 240) 5.62 5.63 0.01
(150; 349) 7.18 7.04 0.14
(221; 120) 5.24 5.25 0.01
(221; 240) 6.66 6.81 0.15
(221; 349) 8.14 8.23 0.09
I/Oパッド
特殊セル
スライス
222スライス
350
スライス
クロック領域
(CR)
Clock backbone
112スライス
50スライス
110スライス
Horizontal 
clock row
Global clock buffer 
(GCB)
Vertical 
clock row
CR(0,0)
キャリチェーンの
占有領域
CR(0,1)
CR(0,2)
CR(0,3)
CR(0,4)
CR(0,5)
CR
(0,6)
CR
(1,6)
CR(1,5)
CR(1,4)
CR(1,3)
CR(1,2)
CR(1,1)
CR(1,0)
? 4.8: Virtex-7????????????? [74].
Global Clock Buer?GCB?????Virtex-7??????GCB???????????
??GCB??????????????Virtex-7???????Clock Backbone????
?CR????????CR???????????????Horizontal Clock Row???
???Vertical Clock Row?????????????????????????????
???Virtex-7?????? FPGA????????????????????????
???????????????????????????????CR????????
????????????????????
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ソース側FF
デスティネ
ーション側
FF
ロジック
Clock
共通クロックパス
SCD
DCD
? 4.9: ????/?????????? FF????????.
????????
?????????????? 4.9????????????????????????
???????????????????????? FF??????????? FF??
?????????????????[74]???????????FPGA????????
???????????????? FF????????????????????FPGA
???????????????????????????????????FF?????
?????????SCD?????????????FF???????DCD??????
?????????????????????????? FF?????????????
???????????????????????????CPR???????????
Xilinx?Vivado Design Suite 2014.2??????????????????????
Clock Skew = DCD   SCD + CPR: (4.6)
Xilinx Vivado Design Suite 2014.2?????????????????FF??????
??????????????????????????????
??????+???? ????????
+????????? ?????? (4.7)
? (4.16)?????????????? Vivado?? FPGA??????????????
?????4.16???????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????
???FPGA???????????????????????????????????
?? 7 (???????????)
?????????????????????????????????Virtex-7???
???????????????? 4.10(a)???DFG???????????? 4.10(b)?
?????????3??????? 1???????????????????? 16??
???????? 1???? 2?? 4.10(c)-(e)?????A???????B??????
??????????????????????? 4.6????
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+
c
FU A
a b
レジスタ1 レジスタ2
レジスタ3
CS=1
(a) DFG.
＋
FU A
レジスタ1 レジスタ2
レジスタ3
a b
cソース側ハドル
(ハドル1)
デスティネーション側ハドル
(ハドル2)
4スライス
4スライス 4スライス
4スライス
(b) (a)?????????????.
29スライス 50スライス
ポイントA ポイントB
GCB
(c) ???????.
29スライス
50スライス
ポイントA
ポイントB
GCB
(d) ???????.
100スライス
100スライス
ポイントA
ポイントB
GCB
CR
(e) ?????? (100100 ???
?).
? 4.10: ???? (?? 7).
? 4.6: Simulated clock skews (?? 7).
Placement Point A Point B Minimum Clock Period [ns] Path Delay [ns] Clock Skew [ns] Dierence of Clock Skew [ns]
Fig. 4.10(c) ??? 1 ??? 2 3.064 3.019 +0:093 0:093  ( 0:195)
??? 2 ??? 1 3.423 3.114  0:195 =0.288
Fig. 4.10(d) ??? 1 ??? 2 2.745 2.653 +0:008 0:008  ( 0:280)
??? 2 ??? 1 3.121 2.701  0:280 =0.288
Fig. 4.10(e) ??? 1 ??? 2 5.853 6.197 +0:476 0:476  ( 0:724)
??? 2 ??? 1 7.037 6.214  0:724 =1.200
? 4.6?????????????????????????????????????
????????????????????????100100?????????????
????? 1.2ns??????????????????????????
?????FPGA???????????????????????????????
?????????????????????????????????????????
???????????????????????????????????FPGA???
??????????????????????
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GCB
X スライス 25スライス
Y スライス
Clock 
backbone
Horizontal
clock row
Vertical 
clock row
CR(m,n)
PiPh(X)
Pv(Y)
? 4.11: ?????????????.
? 4.7: Clock backbone?????????????? (?? 8).
CR(0;n)
Propagation delay [ns] CR(0;0) CR(0;1) CR(0;2) CR(0;3) CR(0;4) CR(0;5) CR(0;6)
Maximum 4.128 3.956 3.784 3.612 3.599 3.759 4.113
Minimum 3.768 3.597 3.427 3.258 3.238 3.368 3.670
CR(1;n)
Propagation delay [ns] CR(1;0) CR(1;1) CR(1;2) CR(1;3) CR(1;4) CR(1;5) CR(1;6)
Maximum 4.125 3.953 3.781 3.609 3.596 3.756 4.110
Minimum 3.765 3.595 3.425 3.255 3.235 3.365 3.667
4.5 FPGA????????????????CSEF?
?????FPGA????????????????????????????????
???????????????CSEF?Clock-Skew Estimate model for Floorplan-driven
FPGA-HLS????????????FPGA???????????????CSEF???
????????????????????????????
? (4.6)???????????????? SCD?DCD?CPR????????????
??????Virtex-7 (Speed Grade -2) ???? 4.1??????? FF????????
?? FPGA????????????????????????????Xilinx?Vivado
Design Suite 2014.2?????????????? I/O?????????
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? 4.12: ????????Horizontal clock row?????????????? (?? 9).
4.5.1 SCD, DCD
?????FPGA??????????????????SCD, DCD????????
???
???????GCB??Clock backbone, Horizontal clock row, Vertical clock row???
?? FF???????
?? 8 (Clock backbone???)
Clock backbone???????????????? 4.11???????????FF??
????????? FF??????CR?Clock backbone?Horizontal clock row???
??Pi?????GCB??Pi??????????? 4.7??CR??Clock backbone?
?????????????
? 4.7????Clock backbone????GCB???? CR?????????????
???CR???????????????????Clock backbone??????????
? FF??????CR??????????????
?? 9 (Horizontal clock row???)
???Horizontal clock row????????????4.11????CR CR(m;n)????Pi
??x????????Ph(X)?????FF???????????FF?????GCB?
?Ph(X)??????????????????????? 8?????????Horizontal
clock row???????? 4.12?CR CR(0;4)?????????Horizontal clock row??
???????CR??? 4.12????????????? 4.12???Horizontal clock row
????????????????????????????????????????
?? 10 (Vertical clock row???)
CR CR(m;n)????Vertical clock row????????????4.11????CR CR(m;n)
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? 4.8: Vertical clock row?????????????? (?? 10).
Vertical position Maximum propagation delay Minimum propagation delay
to horizontal clock row [slices] [ns] [ns]
+0 0 0
+5 0.007 0.006
+10 0.012 0.010
+15 0.017 0.013
+20 0.019 0.015
 0 0 0
 5 0.007 0.006
 10 0.012 0.010
 15 0.017 0.013
 20 0.019 0.015
???Ph(X)????Y ????????Pv(Y )?????FF???????????FF
?????GCB???????????????????????? 8?9???????
??Vertical clock row??????CR CR(0;4)?????? 4.8????????Y ???
????Horizontal clock row???????????????????????????
?CR?????? 4.8????????????? 4.8????Vertical clock row???
??? 0.019ns?????? 8??? 9????????????????????GCB?
? FF???????????????Vertical clock row?????????
?? 8{10??????GCB?? FF????????? Clock backbone? Horizontal
clock row??????????????????CR(r)?X(r)????????? r??
????CR?Clock backbone?????? r?????????????????? rs?
? SCD SCD(rs)??????????
SCD(rs) = S0(CR(rs)) + Cdc X(rs) (4.8)
????S0(CR(m;n))?GCB??CR CR(m;n)??Clock backbone?????????Cdc
??????????????? 9??????????????????Virtex-7???
4.12?????Cdc = 0:00263?????
????????????????? rd??DCD DCD(rd)??????????
DCD(rd) = D0(CR(rd)) + Cdc X(rd) (4.9)
????D0(CR(m;n))?GCB??CR CR(m;n)??Clock backbone?????????
4.5.2 CPR
?????FPGA??????????????????CPR???????????
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? 4.9: ??CR??CPR????? (?? 11).
Placement of source FF Placement of destination FF
Horizontal distance Vertical position Horizontal distance Vertical position CPR [ns]
CR(m;n) from clock backbone [slices] to horizontal clock row [slices] CR(m;n) from clock backbone [slices] to horizontal clock row [slices]
CR(0;4) 0 +0 CR(0;4) 0  0 0.320
CR(0;4) 20 +0 CR(0;4) 20  0 0.320
CR(0;4) 40 +0 CR(0;4) 40  0 0.320
CR(0;4) 80 +0 CR(0;4) 80  0 0.320
CR(0;4) 20 +20 CR(0;4) 80  10 0.320
CR(0;4) 90 +20 CR(0;4) 10  20 0.320
CR(0;4) 40 +10 CR(0;4) 10 +20 0.320
CR(1;5) 20 +20 CR(1;5) 80  10 0.328
CR(1;5) 90 +20 CR(1;5) 10  20 0.328
CR(1;5) 40 +10 CR(1;5) 50 +0 0.328
? 4.10: ???CR??CPR????? (?? 11).
Placement of source FF CR(m;n)
CR(0;3) CR(0;4) CR(0;5) CR(1;3) CR(1;4) CR(1;5)
CR(0;3) 0.313 0.227 0.227 0.240 0.227 0.227
CR(0;4) 0.227 0.320 0.240 0.227 0.240 0.240
Placement of destination FF CR(0;5) 0.227 0.240 0.350 0.227 0.240 0.270
CR(p;q) CR(1;3) 0.240 0.227 0.227 0.291 0.205 0.205
CR(1;4) 0.227 0.240 0.240 0.205 0.298 0.218
CR(1;5) 0.227 0.240 0.270 0.205 0.218 0.328
????????????????FF???????????????????????
?????????????CPR????????
?? 11 (CPR???)
CPR??????????????????CPR????????CPR????? FF
??????????? FF? FPGA???????????????Vivado?????
??????????
???CR CR(m;n)??????FF???????????FF??????????CPR
????????? 4.9?CR(0;4)?CR(1;5)???CPR?????????? 4.9????
??CPR?CR???????????????????
??????? FF?????????? FF?CR CR(m;n)?CR(p;q)?????CPR?
?????0  m; p  1?3  n; q  5?????CPR??????? 4.10????? 4.10
??????CPR????? FF?????????? FF?????CR???????
?????????
??11????????????4.10????CPR????????????CT (CR(m;n); CR(m0;n0))
?????????CR CR(m;n)????????????????CR CR(m0;n0)????
???CPR??????
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GCB
CR(0,3)
P
レジスタ ri
S(150,105)
レジスタ rj
S(20,140)
40スライス
90スライス
30スライス
CR(0,4)
CR(0,5) CR(1,5)
CR(1,4)
CR(1,3)
? 4.13: Virtex-7?????????.
4.5.3 CSEF???????
?????????????????????????????????CSEF????
????????FPGA???????????????CSEF????????????
????????????
? 4.5.1??? 4.5.2?????????????? rs??????????????? rd
??? path(rs; rd)?????????CSK(path(rs; rd))??????????
CSK(path(rs; rd)) = DCD(rd)  SCD(rs)
+ CT (CR(rs); CR(rd)):
(4.10)
????CR(rs)?CR(rd)???????? rs?????????????? rd????
??CR????
? 6 ? 4.13???? Virtex-7???? path(ri; rj)????????????? ri ? CR
CR(1;4)?????S(150; 105)??????????????? rd?CR CR(0;4)?????
S(20; 140)?????????? 4.7?? SCD(CR(1;4)) = 3:596?DCD(CR(0;4)) = 3:238?
? 4.10?? CT (CR(1;4); CR(0;4)) = 0:240?????CSK(path(ri; rj))????????
???
SCD(ri) = 3:596 + 0:00263 40 = 3:7012 (4.11)
DCD(rj) = 3:238 + 0:00263 90 = 3:4747 (4.12)
CSK(path(ri; rj)) = 3:4747  3:7012 + 0:240
= 0:0135ns: (4.13)
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? 4.11: ???????????????????? (?? 12).
Placement of source FF Placement of destination FF Mesured clock skew [ns] Estimated clock skew by Eq. (4.10) [ns] Estimated error [ns]
S(185,150) S(135,150)  0:195  0:195 0.000
S(110,125) S(110,75) +0:008  0:013 0.021
S(59,156) S(160,145)  0:146  0:150 0.004
S(130,105) S(190,140) +0:157 +0:095 0.062
S(69,75) S(69,181)  0:271  0:274 0.003
S(125,60) S(89,130)  0:284  0:265 0.019
S(79,115) S(160,55) +0:069 +0:059 0.010
S(130,91) S(84,176)  0:123  0:098 0.025
S(89,176) S(120,130)  0:156  0:176 0.020
S(180,161) S(104,120)  0:362  0:315 0.047
?? 12 (CSEF???) CSEF????????????Virtex-7 (Speed Grade -2) ??
?????????????CSEF?? (4.10)????????????? 4.11?????
?????? 10???????????????????????????? 4.11???
???CSEF????????? 0.062ns??? 0.021ns??????? 4.6???????
??????????????? 7???? 100100????????????????
?????????? 1.2ns????????????
4.6 IDEF?CSEF?????????FPGA??????
?????
?????? 4.3???????IDEF??? 4.5???????CSEF????????
?????? 3?????????????? FPGA?????? [29]????????
??????????????????
4.6.1 ????????FPGA??????????
?????? 3??????????????FPGA?????? [29]?? IDEF, CSEF
??????????????
? 3??????????????FPGA?????? [29]?????????????
???????[1,2]?????Simulated Annealing (SA) ????????????? cost
???????????
cost = 
V
Tclock
+ 
W
WMAX
+ 
ABB
Atotal
(4.14)
????Tclock???????????????????????V ??????????
?????WMAX ???????????, W ???????, Atotal?????????
?????????ABB???????????????????????. ? (4.14)??
???SA???????????????????????????????? ???
??? ???????????????????????SA????????????
??? 0??????????????????????????????????
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? (4.14)??????????????????????????????? (3.5)???
???????????????????????????? 4.2?????????FPGA
?????????????????????????????? (4.14)????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????
? 3?????????????? FPGA??????? \IDEF"? \CSEF"?????
?????????????????????????????????????????
?????????????? costnew?????
costnew = 
V
Tclock
+ 
IDn
Tclock
+ 
CSKm
Tclock
+ 
ABB
Atotal
: (4.15)
????? 1??? 4??? (4.14)?? 1??? 3????????????? (4.15)??
??????????????????????????????????? ???
??????????? 3?? 2??? 3??????????????????????
?????????
? (4.15)?? 2??? 3?????????????????????????????
Xilinx Vivado Design Suite 2014.2??????????????????FF??????
??????????????????????????????
??????+???? ????????
+????????? ?????? (4.16)
? (4.16)??????????????Vivado?? FPGA??????????????
????HDR?????????????????FU???????????????
?????????????????? 3.2??????????????????????
???????????????????????????????????????S(h)
???? h????????? FPGA????????????????
path(rs; rd)?HDR??????????????? rs?????????????? rd
??? FU f ??? 1????????????????????????? rs????
???? hs??????????????? rd?????????????? hd????
??????????HDR???????????? path(rs; rd)????? FU f ???
?????????? rs?????? hs??????D(path(rs; rd))??HDR?????
????? path(rs; rd)????? (4.16)??????????????
D(path(rs; rd)) = Dfu(f) +Dreg +Dmux
+De(S(hs); S(hd))  CSKHDR(path(rs; rd))
(4.17)
????Dfu(f)?Dreg?Dmux?FU????????????MUX???????De(S(hs); S(hd))
???? hs ? hd ?????????????IDEF(? (4.4))???????? (4.17)?
3 [3]???????  = 100? = 1??????????? (4.15)?? 2??? 3??????????
?? = 1? =  10??????
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? 4? ???????? FPGA?????????????????????????
CSKHDR(path(rs; rd))?????? rs?rd??????????? hs?hd????????
CSEF(? (4.10))?????????????????????
? 6 ? 4.14? Virtex-7?? HDR????????????? path(ri; rj)???. ? 4.14
?????MUX???????????????? hi???????????????
CR(1;4) ?????? S(150; 105)?????????????? hj ??????????
????? CR(0;4)?????? S(20; 140)?????????????? ri???? hi?
????????????? rj ???? rj ?????????????????????
????????????S(hi)?S(hj)???????? 4.7?? SCD(CR(1;4)) = 3:596?
DCD(CR(0;4)) = 3:238?? 4.9?? CT (CR(1;4); CR(0;4)) = 0:240????????? 4.12
??? (4.8)?? (4.9)????Cdc = 0:00263??????
????CSKHDR(path(ri; rj))?????????????
SCD(ri) = 3:596 + 0:00263 40 = 3:7012 (4.18)
DCD(rj) = 3:238 + 0:00263 90 = 3:4747 (4.19)
CSKHDR(path(ri; rj)) = 3:4747  3:7012 + 0:240
= 0:0135ns: (4.20)
???? (4.4)????Cdh = 0:0167?Cdv = 0:0130?????De(S(hi); S(hj))?????
????????
De(S(hi);S(hj)) = 0:0167 j20  150j
+ 0:0130 j140  105j = 2:626ns: (4.21)
????Dfu(f) = 1:45ns?Dreg = 0:45ns?Dmux = 0:96ns?????D(path(ri; rj))???
??????????
D(path(ri; rj)) = 1:45 + 0:45 + 0:96
+ 2:626  0:0135 = 5:4725ns: (4.22)
???? (4.15)?? 2??? 3??????????? (4.15)?? 2?????????
???????????????????????????????IDn?? (4.4)???
?????????????????????????????????????????
? (4.15)?? 3??????????????????????????????????
????? n??????????????????????CSKm?? (4.10)?????
???????????????????????????????????????m?
?????? (4.17)??????????????CSKHDR(path(rs; rd))???????4
? 3??????????????????????????????????????
???????????/FU????????????????????????????
????????????????? 3???????????????????????
?????????????????????????IDEF?CSEF??????????
????????????? (4.17)???????????????????????
4? (4.15)?????? n?m???????? 4.6.3??????
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? 4? ???????? FPGA?????????????????????????
GCB
CR(0,3)
P
ソース側ハドル hi
S(hi)=S(150,105)
40スライス
90スライス
30スライス
CR(0,4)
CR(0,5) CR(1,5)
CR(1,4)
CR(1,3)
デスティネーション側ハドル hj
S(hj)=S(20,140)
デスティネーション
レジスタrj FU f
ソース
レジスタ ri
データパス
path(ri , rj)
? 4.14: Virtex-7??HDR???????????????.
? 4.12: ????? FU/??????.
FUs/register #Slices Delay [ns]
Adder 4 1.45
Substracter 4 1.45
Multiplier 36 4.3
Divider 97 28
Comparator 2 1.44
Right shifter 12 2.1
AND 9 0.79
Register 4 0.45
Memory write 1 1.8
4.6.2 ????
????????????????????????
??? IDEF, CSEF????????????????C++????????????
????????????????????????????FPGA??????????
??????????? (4.4)?? (4.10)???????????????????????
Xilinx??Virtex-7 (xc7vx485tg1761-2)???FPGA????IDEF, CSEF??????
???????????????????????????????????RTL????
?????????????Xilinx?Vivado Design Suite 2014.2???????????
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? 4? ???????? FPGA?????????????????????????
?????????????????DSP??????????????????????
????????????????????????? 4.13??P??Clock backbone??
????? 30???????CR(0;3)????????????P???????????
?????????????????????
Vivado?????????????????????????????????????
?????????????????????????????????????????
???????????????? TCLK?????????Vivado? STA??????
??? slack time???(TCLK   slack time)?????????????????????
????????????????
??????????????FPGA??HDR????????????????
??????????????HAL????? 11)?PARKER????? 22??????
?)?DCT????? 48)?jacobi????? 52)?7? FIR????????? 75)?EWF3
????? 102)?copy????? 378???????)?????????????????
???? 4.12????? 4.12?????????????? virtex-7?????????FU
??????? 16???????? FU????????? 1????????????
???????????AMD Opteron 2360SE 2.5GHz?2????? 16GB???????
???????????????????Intel Core i5-2520M 2.5GHz?2????? 4GB?
???
??????????? SR?? 3???? [29]??????SR?? 3???????
???????????????????????????? 3???? [29]??????
60??????????? 1ns????
4.6.3 Parameter Setting
?????? (4.15)??????n?m???????????????????????
????????????????
HDR????????????????????? FPGA?????????? 3.2?
??????????????????? FU?????1???????????????
??????????????????????????????/???????????
?????????????????????????????????????????
? FU????????????Nfu????????HDR?????????????
?????Np?Nfu Nfu?????????
???????????????????? (4.15)?????? n?m????????
????IDEF, CSEF???????????????? FPGA???????????
? n?m??????????????????????????????????????
????? n?m?????????? (4.4)?? (4.8)?? (4.9)?????Cdh = 0:0167,
Cdv = 0:0130?Cdc = 0:00263??????
? 4.13?????? n?m??????????????????? 4.13???????
?????????????????????????????????? n?m?? 4.13
???????????n=Np?m=Np ?????? 12%{23%??????????n=Np?
m=Np??????? 20%?????????????????????????????
81
? 4? ???????? FPGA?????????????????????????
? 4.13: ????? n?m???????????.
Clock Total
App. period The rate of synthesis
(#Nodes) FU constraint constraint [ns] Np (n,m) n=Np and m=Np #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
hal Add1, Sub1, 5 25 (5,5) 20%, 20% 2 3.947 5 19.74 117 416 150 300
(11) Mul2,Comp1 (10,10) 40%, 40% 2 4.034 5 20.17 116 416 150 395
parker Add2,Sub2, 4 25 (5,5) 20%, 20% 2 1.685 8 13.48 81 226 266 374
(22) Comp1 (10,10) 40%, 40% 2 1.740 8 13.92 75 226 266 454
Add4, (5,5) 8%, 8% 4 4.504 8 36.03 338 1164 530 439
Mul4 (10,10) 16%, 16% 3 4.490 8 35.92 351 1154 515 429
dct 7 64 (15,15) 23%, 23% 4 4.562 8 36.50 354 1160 530 418
(48) (20,20) 31%, 31% 7 4.552 8 36.18 426 1386 640 452
(25,25) 39%, 39% 3 4.502 8 36.02 378 1157 515 451
(30,30) 47%, 47% 4 4.520 8 36.16 342 1158 530 430
Add2, (5,5) 10%, 10% 2 17.48 17 297.2 330 1084 315 387
jacobi Sub1, 30 49 (10,10) 20%, 20% 3 17.47 17 297.0 340 1102 352 301
(52) Mul2, Div2 (15,15) 31%, 31% 3 17.53 17 297.9 342 1126 355 442
(20,20) 41%, 41% 2 17.56 17 298.5 336 1151 354 413
Add4, (5,5) 6%, 6% 3 4.399 15 65.99 331 1012 366 422
Mul4, (10,10) 12%, 12% 3 4.267 15 64.01 318 1037 365 407
Mem1 (15,15) 19%, 19% 6 4.480 15 67.20 328 1095 472 467
r 7 81 (20,20) 25%, 25% 6 4.512 15 67.68 357 1162 491 496
(75) (25,25) 31%, 31% 6 4.452 15 66.78 361 1164 507 481
(30,30) 37%, 37% 5 4.343 15 65.15 359 1149 474 509
(35,35) 43%, 43% 6 4.383 15 65.75 352 1184 508 511
(40,40) 49%, 49% 3 4.357 15 65.36 314 1052 399 501
Add4, (5,5) 8%, 8% 5 4.233 40 169.3 604 1898 726 428
Mul4 (10,10) 16%, 16% 5 4.144 40 165.8 567 1893 727 536
ewf3 7 64 (15,15) 23%, 23% 4 4.030 40 161.2 415 1562 583 495
(102) (20,20) 31%, 31% 5 4.310 40 172.4 535 1812 707 514
(25,25) 39%, 39% 3 4.403 40 176.1 494 1560 557 390
(30,30) 47%, 47% 3 4.375 40 175.0 466 1567 557 547
Add3, Sub1, (10,10) 5%, 5% 7 5.262 82 431.5 1732 5102 3263 931
Mul5, Comp1, (20,20) 10%, 10% 10 5.439 82 446.0 2096 6080 3650 1211
Rshift2, AND1, (30,30) 15%, 15% 7 5.241 82 429.8 1774 5243 3184 1231
copy Mem1 8.5 196 (40,40) 20%, 20% 8 5.325 82 436.7 1857 5516 2919 1262
(378) (50,50) 26%, 26% 9 5.258 82 431.2 1969 5565 3632 1338
(60,60) 31%, 31% 8 5.329 82 437.0 1832 5254 3494 1544
(70,70) 36%, 36% 5 5.500 82 451.0 1692 4851 3004 1482
(80,80) 41%, 41% 5 5.481 82 449.4 1691 4751 2935 1583
(90,90) 46%, 46% 4 5.443 82 446.3 1647 4442 2486 1681
???????n=Np?m=Np??????????IDn?CSKm???????????
?????????????????????????????????????????
4.6.4 ?????
? 5.2????????????1???App.????????????2??????
??????? FU??????????Add? 2???? 2??Sub? 1???? 1??
???Mul?????Div?????Comp?????Rshift???????Mem????
??????????????? 3.5?????????3??????????????
???????????4??????????????????????SR????? [2]?
????????5???????? [2]?????????6????????????
????????????????????7????????????????8???
Delay CS??????????????9???????????????10????
???? LUT??11???????? FF?????12???????????????
??????????????????
? 5.2? 7??????????????????? 5????????????????
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? 4? ???????? FPGA?????????????????????????
? 4.14: 5??????????????.
Clock Total
App. period Applied synthesis
(#Nodes) FU constraint constraint [ns] algorithm #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, Sub1, SR - 3.869 5 19.35 100 380 108 446
Mul2, [29] 2 3.956 5 19.78 111 414 150 361
hal Comp1 5 [29]+IDEF 2 3.946 5 19.73 113 416 150 404
(11) [29]+CSEF 2 3.954 5 19.77 119 434 166 393
[29]+IDEF+CSEF 2 3.947 5 19.74 117 416 150 300
Add2, SR - 1.987 7 13.91 64 186 224 279
Sub2, [29] 2 1.791 8 14.33 77 231 266 395
parker Comp1 4 [29]+IDEF 2 1.739 8 13.91 85 228 266 394
(22) [29]+CSEF 2 1.740 8 13.92 75 226 266 401
[29]+IDEF+CSEF 2 1.685 8 13.48 81 226 266 374
Add4, SR - 4.905 8 39.24 412 1383 345 414
Mul4 [29] 4 4.672 8 37.38 373 1168 530 333
dct 7 [29]+IDEF 4 4.494 8 35.95 348 1161 529 481
(48) [29]+CSEF 6 4.541 8 36.33 385 1298 597 481
[29]+IDEF+CSEF 3 4.490 8 35.92 351 1154 515 429
Add2, SR - 18.20 17 309.3 364 1168 271 394
Sub1, [29] 3 17.84 17 303.3 337 1113 351 314
jacobi Mul2, Div2 30 [29]+IDEF 2 17.55 17 298.4 349 1084 315 427
(52) [29]+IDEF 2 17.62 17 299.6 340 1084 315 309
[29]+IDEF+CSEF 3 17.47 17 297.0 340 1102 352 301
Add4, SR - 5.330 15 79.95 435 1535 307 666
Mul4, [29] 5 4.723 15 70.85 282 1029 454 405
r Mem1 7 [29]+IDEF 3 4.336 15 65.04 321 1066 382 453
(75) [29]+CSEF 6 4.495 15 67.43 369 1170 508 524
[29]+IDEF+CSEF 3 4.267 15 64.01 318 1037 365 407
Add4, SR - 5.175 40 207.0 494 1603 363 576
Mul4 [29] 5 4.537 40 181.5 468 1794 691 442
ewf3 7 [29]+IDEF 3 4.372 40 174.9 478 1571 557 493
(102) [29]+CSEF 3 4.383 40 175.3 472 1547 557 499
[29]+IDEF+CSEF 4 4.030 40 161.2 415 1562 583 495
Add3, Sub1, Mul5, SR - 6.380 82 523.2 1437 5100 1557 878
Comp1, Rshift2, [29] 8 5.625 82 461.3 1799 5241 3453 855
copy AND1, Mem1 8.5 [29]+IDEF 8 5.367 82 440.1 1916 5353 3194 1284
(378) [29]+CSEF 7 5.451 82 447.0 1777 5032 3335 1262
[29]+IDEF+CSEF 7 5.241 82 429.8 1774 5243 3184 1231
???6???????????????????????8?????? 3???? [29]?
IDEF?????????? [29]+IDEF???SR???????????????? 19%?
?? 9%????? 3???? [29]??????? 8%??? 4%?????? 3???? [29]
? CSEF?????????? [29]+CSEF???SR????????????????
16%??? 8%????? 3???? [29]??????? 5%??? 3%??????????
3???? [29]? IDEF?CSEF???????? [29]+IDEF+CSEF???SR?????
??????????? 22%??? 10%????? 3???? [29]??????? 11%??
? 6%?????
IDEF, CSEF????? 3???????? 3???? [29]????????????
?????????????????SR???????????????????????
??????????????hal? parker??????????????????????
?????????????????????????????????????????
???????????[29]+IDEF+CSEF?????r, ewf3, copy? 3????????
????????????SR??????? 20%?[29]??????? 9%???????
?????????????????????????????????????????
??????????????????????????????????????????
???? 5.2? 10?????[29]+IDEF+CSEF????? 3???? [29]??????
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? 4? ???????? FPGA?????????????????????????
????????????[12]+IDEF????[12]+CSEF????? 3???? [29]??
???? 5%???????????
SR??????[29]+IDEF+CSEF?????? 27%??? 6%???????????
???????hal, parker, copy?????????????HDR???????????
???????????????SR????????????????????????
???
???????????? 2???????? \IDEF"?\CSEF" ??????????
?????????????????????????????????????????
?????
4.7 ?????????????FPGA
??????????????? IDEF??CSEF???? FPGA??????????
???????????? 2????????????? 6.1(a)?(b)??????????
?????????????????? FPGA???????
? 6.1(a)? [60]???????????? FPGA????????????????
FPGA??????????????????????????????????????
??????????????????????????????????????????
6.1(b)??????????????????????FPGA??????????FPGA
?????????????????????????????????????????
?????????2???? \????????????"? \????????????"
??????????????????????????????????????1??
horizontal clock row???? vertical clock row???????????????????
??GCB??????????????????????????????GCB????
????????????
IDEF??????????????????????FPGA????????????
?????CSEF????? 2?????????????(i) ? (4.8)?? (4.9)?? 1??
?????????????????????(ii) ? (4.8)?? (4.9)?? 2???????
??????????????????????FPGA?? 6.1(b)???????????
?????????????????????CSEF??????????????????
4.8 ??????
?????FPGA???????????????? 2???????????????
??????????????????????????????????FPGA????
?????? FPGA?????????????????????IDEF???CSEF??
????????FPGA???????????????????FPGA????????
?????????????????????FPGA??????????? \IDEF"??
???????FPGA???????????????????????????????
?????????????????Xilinx?Vivado????????????????
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? 4? ???????? FPGA?????????????????????????
スライス
Switch 
box
スライス スライス
スライス スライス スライス
スライス
スライス
スライス
Switch 
box
Switch 
box
Switch 
box
Switch 
box
Switch 
box
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
スイッチ
ボックス
配線チャネル
(a) ?????? FPGA?????? [60].
I/Oパッド
GCB
クロック領域
外部クロック
ネットワーク
内部クロック
ネットワーク Horizontal 
clock row
Vertical clock 
row
(b) ?????????????.
? 4.15: ????????? FPGA.
?????????????????????????FPGA?????????????
?? \CSEF"??????
Xilinx?Vivado???????????????IDEF?????0.20ns?????0.10ns?
CSEF????? 0.062ns????? 0.021ns?????????????????????
????????????????
????IDEF?CSEF?? 3?????????????? FPGA?????????
?????????????????????????????????????????
??SR???????????????? 22 %??? 10%????? 3????????
??? 11%??? 6%??????????????????????????SR???
???? 20%?? 3??????????? 9%???????????????????
???????????????????????IDEF???CSEF??????????
FPGA??????????????????????????????????????
?????????
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?5? ???????????????
??????????????
FPGA??????
5.1 ?????
???? 1?FPGA???????????????? 3???????????????
???????????MUX??????????????????? 3???????
???????FPGA?????????????? IDEF?CSEF??????????
???????????????????????? FPGA????????????
????????????? IDEF?CSEF?????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???
????????????????????????????????????????
?????????????????????
 ??????????????????/FU???????
 ???????????????/??????
??????????????????/FU?????????????????????
FU????????????????????????????????????????
?????????????????????????????????????/???
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????
5.2 ????????
??????????????????????????????????FPGA???
???????????????? 3??????HDR?????????????MUX
??FPGA???????????IDEF?CSEF???????????????????
??????????????????????????????????????????
1?????? [31,33,34]????
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? 5??????????????????????????????FPGA??????
ハドル
ハドル
ハドル
GCB
(0,0)
P(-34,-50)
ハドル
ハドル
ハドル HLR
HFU
FSM
ハドル
ハドル
クロックソース
(0,0)
I/Oパッド
特殊セル
スライス
クロック領域
? 5.1: FPGA??HDR????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????/FU??????????????????????????
???????????/?????????????????????????????
???????????????????????????????????????
? 3??????HDR?????????????MUX??FPGA?????????
?????????????? FPGA???????????????? 4.2?????
FPGA??????????????????????????????????????
???????????FPGA??????????????????? 4.4??????
?????????????????????????????????????????
???????? 3????????????????????????????????
?????????????????????????????????????????
????????????HDR??????????????????????????
???????????????? FPGA????????????
5.2.1 ??????????????????
?????IDEF?CSEF???????????????????????????
?????? 3?????HDR???????[1{3]???????(? 5.1)
??????????? rs??FU f??????? rd?????????? path(rs; rd)
???D(path(rs; rd))? 4.6.1??? (4.17)??????????????
D(path(rs; rd)) = Dfu(f) +Dreg +Dmux
+De(S(hs); S(hd))  CSKHDR(path(rs; rd))
(5.1)
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? 5??????????????????????????????FPGA??????
????Dfu(f)?Dreg?Dmux?FU????????????MUX???????De(S(hs); S(hd))
???? hs ? hd ?????????????IDEF(? (4.4))???????? (4.17)?
CSKHDR(path(rs; rd))?????? rs?rd??????????? hs?hd????????
CSEF(? (4.10))?????????????????????????????????
???? 3 ??????????????????????
????????????????? 3 ?????????????????
??2 HDR?????????????FPGA?????????CDFG????????
????????????????????????????????CDFG??????
???????????????? FU???????????????????????
???????????????????????????????? ???????
?????CS????????
5.2.2 ?????
????????????????????????????
? 5.2?????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????/FU???????????????????????????
?? 1 ????? 2???????????????????/FU???????
?? 2 ????? 4????????????????/??????
??????????????????/FU?????????????????????
????????????????CS?????????????CDFG???????
???????? FU???????????????????????????????
?????????????????????????????????????????
??FU?????????????????????????????????????
???????????????CS????????????????????????
???
???????????????/????????????????????????
??????????????????????????????????????????
????SA?Simulated Annealing?????????????????????????
?????????????????????????? 2??????????????
???????????????????????????
????????????????CDFG??????????????????FPGA
???????RTL???????????????????????? 4???????
?FPGA????????????????????IDEF (? (4.4))?CSEF (? (4.10)) ?
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? 5??????????????????????????????FPGA??????
FPGA用フロアプラン指向
ハドル合成
レジスタ/コントローラ合成
フェーズ2
フェーズ3
フェーズ4
演算器制約CDFG クロック周期制約
初期ハドル合成フェーズ1
RTL回路，ハドル構成・配置
N
ハドル
構成・配置
データ転送制約を満たすか？
Y
クリティカルパス指向
ハドル合成/フロアプラン
ハドル調整フェーズフェーズ5
クリティカルパス指向
スケジューリング
/FUバインディング
対象FPGA情報
? 5.2: ?????????
??????? FPGA????????????????????? 1????????
?? 1?????????????????????????? (???? 1)???????
????????/FU??????? (???? 2)?????/???????? (????
3)??????/?????? (???? 4)?????????????????????
???????????????????? FU???????????????????
?????????????? (???? 5)?
?????????????????? (???? 1)?????????????????
?/????????? (???? 4)?????????????????????????
???/FU??????? (???? 2)?????/???????? (???? 3)???
?????????????????????/FU??????? (???? 2)????
CDFG?????????????????? FU??????????????????
??????????????/???????? (???? 3)??????? 2????
? FU??????????????????????????MUX?????????
??????????????????????????????????????? 2?
?????????????????????????????????????????
?/?????? (???? 4)????????????????????????????
??????????????????? 2?4???????????????????
???????????????????????????????? 1?3?5?? 3??
?????????
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5.2.3 ??????????????????/FU???????
???????????????????????/FU???????????????
?????????????
????????/FU????????????????CDFG???????????
?????????????????????????????CS?????? FU??
????????? 1????CS??????? 2?????????????????
??????????????????? 1????????????????? 4???
????????????????????????????????? 2???????
????????????????????????
??????????????????/FU??????????FU?????????
???????????????????????????????????FU?????
??????????????????CS?????????????????/FU??
?????????????????????????????????????????
?????????? FU?????????????????????????????
?????????????????????????FU??????????????
??????????FU?????FU???????????????FU????FU
????????????????????????? FU??????????????
FU?????????????
1. FU????????????????????????????????????
2. FU????????????????????????????
FU????????????????????????
? 5.3???????????????????/FU????????????????
??????? Step 1? CS?????????????/FU?????????????
Step 2????????????????????????????????????
Step 1???????????/FU????????
FU??????????????CS????????????????/FU?????
??????????????????CS???????? FU???????????
??????????? 3??????????????/FU????????????
Step 2??????????
Step 1???????????????/FU????????????????????
????ni???? priority(ni)????????????????????????Ncand
???????????? FU???????????????????????????
ni???? priority(ni)???????????
priority(ni) = D(Fu(nk))=S(Fu(nk)) (5.2)
????Fu(nk)???? nk?????????? FU????S(fi)? FU fi?????
????????????????? priority(ni)????N ????? 3???????
2??????? 5.2.4???????
3N ?? 4.6.3???????????????? 20%??????????? 5.3???????
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改善ノード群の抽出および
対象ノード niの選択
ノードniの子ノードnjで対し
cost(nj,fk)<cost(nj,Fu(nj))を
満たすFU fkを選択
対象の子ノード njをFU fk
に割り当てる
割り当て可能か？
他に候補のFU
はあるか？
初期スケジューリング
/FUバインディング
全ての子ノード
に実行したか？
解が収束したか？
演算器制約CDFG クロック周期制約
・演算ノードを実行するコントロールステップ
・実行する演算器
Yes
No
Yes
No
Yes
No
No
Step 1
Step 2
Step 3
Step 
5-Y
Step 4
Step 
5-N
Step 6
Step 7
データ転送遅延情報
Yes
全ての改善ノード
に実行したか？
Yes
Step 7
No
? 5.3: ??????????????????/FU????????
Ncand????
??????Ncand????????????????? ni??????CDFG???
??????????????Ncand?????CS?????????????????
?????
Step 3{5?FU???????????
Step 2????????? ni????????????????HDR????????
?? FU?????????????????????????????????????
??????????FU?????FU???????????????FU????FU
?????????????????????????????????????????
?????????????????????????? ni????? nj???????
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? nj? FU fk??????????? cost(nj; fk)???????????
cost(nj; fk) = max
nl2par(nj)
fD(path(R(Fu(nl)); R(fk)))g
(5.3)
????par(nj)???? nj??????????R(fk)? FU fk???????????
????
??? nj ???????? FU???? Fop(nj)????Fop(nj)????cost(nj; fk) <
cost(nj; Fu(nj))????FU????Fcand(nj) 2 Fop(nj)????Fcand(nj)????cost(ni; fk)
?????? FU fk 2 Fcand(nj)??????
??? nj?FU fk?????????????FU??FU fk??????????FU
fk ??????? FU???????????????Step 1????????????
??????????????????? nj ? FU fk ????????????????
Fop(nj)???FU fk???? cost(nj; fl)??????FU fl 2 Fcand(nj)????????
??FU fk???????????? Step 1?????????????????????
FU?????????????????Fcand(nj)????FU???? Step 3{5????
????????
Step 6{8??????Step 3{5???? ni?????????????????????
???Ncand?????? CS??????????? nl?????Step 3{5??????
Ncand????????? Step 3{5?????????????????????????
??????????????????????/FU?????????????????
???????? Step2???????
? 1 ? 5.4? FU???????????????? 5.4(a)? Step 1?????????
??????/FU??????????????? 5.4(c)??????????FU f1?f2?
f3???????? h1?h2?h3????????????????????? r1?r2??
?? h1????? r3?r4???? h2????? r5?r6?r7???? h3?????????
?????D(f1) = D(f2) = 2ns, D(f3) = 4ns???????????? 1CS??????
?????????? 0CS?????????? 5.4(d)???????????????
?????/????????????
????? 5.4(a)?? FU??????????????????? (5.2)??????
?????Ncand = fn1; n5g?????????Ncand?????CS??????????
??? n1??????????????? n1?????? n4????????????
????? n4???????? FU???? FU f1?f2?????? FU f2??????
?????????Dreg = 0:2ns?Dmux = 0:5????????FU???? n4?????
??????? cost(n4; fi)?? (5.3)???????????
cost(n4; f1) = 4:8
cost(n4; f2) = 5:0 (5.4)
???????? n4? FU f1?????????????????? 1???????
????? n4?FU f1???????????????? n4????? n1?n2?????
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+
+
n1
n6
CS=n f3 f1
f3f2
n3
n4
+
n5
+
f2
n2
f2
*
CS=n+1 *
r5 r6 r3 r4 r7
r7
r1 r2
r3 r4
r3 r4
CS=n+2
r3
r6
+
f2
n7
5.0 ns
最小クロック周期 = 5.0 ns
5.0 ns
2.2 ns
(a) ??????????/FU????????.
+
+
n1
n6
CS=n f3 f1
F3f1
n3
n4
+
n5
+
f2
n2
f1
*
CS=n+1 *
r5 r6 r3 r4 r7
r7
r1 r2
r1 r2
r1 r2
CS=n+2
r3
r6
+
f2
n7
4.8 ns
最小クロック周期 = 4.8 ns
4.8 ns
2.65 ns
(b) FU???????????????????/FU?
???????.
クロック領域
クロックソース
ハドル h1
FU f1 FU f2
FU f3
+
+
*
ハドル h2
ハドル h3
(c) ?????????.
????????? ???
h1 h2 h3
??? h1 0.00/0.00 0.30/-0.15 0.20/-0.10
??? h2 0.30/0.10 0.00/0.00 0.25/0.05
h3 0.20/0.10 0.25/-0.05 0.00/0.00
(d) ?????????/??????????.
? 5.4: FU???????????.
FU f3?f2???????????FU f3?f2??FU f1?????????? 0CS????
???? 5.4(a)???????????????????? n4????? n6?FU f2??
?????????FU f1??FU f2???????? 0CS???????? 5.4(a)???
?????????????????? n4? FU f1???????????? 5.4(a)??
???????????????? 2????????????? n4? FU f1?????
??????
???n5????????????????n6?FU f1???????????FU??
????????????????????/FU?????????? 5.4(b)????FU
???????????? 5.4(a)??????????????????????????
5.0ns?????????FU??????????? FU???????? 5.4(b)????
?????????????????????? 4.8ns????0.2ns????????
????????????????????????????????????????
FU???????????????????? FU?????????????????
????????????????????
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5.2.4 ???????????????/??????
?????IDEF?CSEF?????????????????????????????
??????/???????????????
???????????????/?????????[2]???? FU????????
???????????????????????????????????? Sequence-
pair [53]????????? 1???????????????????????????
???? SA?????????????????SA?????? 5??move?????
move 1 2??????????????? +????????
move 2 2???????????????  ????????
move 3 2????????????????? +;  ????????
move 4 1??????????????????????????
move 5 FU fi???????? hi(= Hud(fi))????? hj??????
????Hud(fi)?? FU fi?????????????????
? 4.6.3????IDEF?CSEF??????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
? (5.1)?????????????????????????????????????
?????????????????????????????????????????
??????????????????? SA?????? costfl????????????
costfl = 
V
Tclock
+ 
DPn
Tclock
+ 
ABB
Atotal
(5.5)
??????????????????5.5??? 1????????????? 2??
???????????? 3????????????????????V ???????
????????Tclock????????DPn?? (5.1)????????N ??????
??? 4?ABB?????????Atotal???????????????
???????????????????????????????? ?????
??????? 5??????????????? 0?????????????????
??????????????
??????? 4???????????????CS????????? 2?????
??????FU f????? path(rs; rd)?????????????? Tr(path(rs; rd))?
? (5.1)????????????
Tr(path(rs; rd)) =
8><>:
0 (Tclock  S(f)  D(path(rs; rd)))
D(path(rs; rd))=Tclock
(Tclock  S(f) < D(path(rs; rd)))
(5.6)
4N ??????????? 4.6.3????????????????? 20%??????????????
5????  = 100? = 1? = 1??????
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? 5.1: ???????.
Clock Total
App. period Applied critical path synthesis
(#Nodes) FU constraint constraint [ns] algorithm #Huddles delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, 5 SR - 3.869 5 19.35 100 380 108 446
hal Sub1, 5 [2] 2 4.185 5 20.93 125 435 135 354
(11) Mul2, 5 [29] 2 4.050 5 20.25 117 427 151 368
Comp1 5 ???? 1 3.869 5 19.35 100 380 108 412
Add2, 4 SR - 1.987 7 13.91 64 186 224 279
parker Sub2, 4 [2] 2 2.185 8 17.48 85 235 263 356
(22) Comp1 4 [29] 2 1.578 7 11.05 75 214 246 370
4 ???? 2 1.548 7 10.84 75 209 231 363
Add4, 7 SR - 4.905 8 39.24 412 1383 345 414
dct Mul4 7.5 [2] 6 4.437 8 35.50 438 1489 623 478
(48) 7 [29] 5 4.434 8 35.47 366 1178 544 427
7 ???? 5 4.349 8 35.08 362 1196 544 392
Add2, 30 SR - 18.20 17 309.3 364 1168 271 394
jacobi Sub1, 31 [2] 3 17.69 17 300.6 374 1212 345 432
(52) Mul2, 30 [29] 3 17.54 17 298.1 340 1135 354 454
Div2 30 ???? 3 17.46 17 296.8 338 1124 355 415
Add4, 7 SR - 5.330 15 79.95 435 1535 307 666
r Mul4, 7 [2] 4 5.192 15 77.88 445 1482 420 485
(75) Mem1 7 [29] 4 4.468 15 67.02 329 1062 400 475
7 ???? 3 4.035 15 60.53 332 1063 365 439
Add4, 7 SR - 5.175 40 207.0 494 1603 363 576
ewf3 Mul4 7 [2] 2 4.820 40 192.8 510 1769 646 490
(102) 7 [29] 4 4.390 40 175.6 500 1640 616 463
7 ???? 4 3.931 40 157.2 488 1605 567 472
Add3, Sub1, 8.5 SR - 6.380 82 523.2 1437 5100 1557 878
copy Mul5, Comp1, 10.5 [2] 9 6.227 82 510.6 2098 6608 3261 780
(378) Rshift2, AND1, 8.5 [29] 10 5.718 82 468.9 1939 5867 3778 920
Mem1 8.5 ???? 8 5.201 82 426.5 1950 5620 3327 1707
????S(f)?FU f??????????????????????????Tr(path(rs; rd))
????????????????DT ???????????????????????
??DT ????DT (hi; hj)???? hi???? hj???????????CS?????
??? hi???? hj???????????????????????????
???? 5??????????????????????? (5.5)?????????
?????
5.3 ??????????
??????????????????????????????
5.3.1 ????
?????????????????????
????? C++???????????????? 3????? 7?????????
??????????????????????? RTL???????????Xilinx?
Vivado2014.2???????????????????????????????FPGA?
Xilinx?Virtex-7 (xc7vx485tg1761-2) ???dsp???????????????????
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?RTL????????????????? atten hierarchy??????????Vivado
??????????????????????? 5.1?????????????????
??? (0,0)???? 50??????? 34????????P(-34,-50)??????????
????Vivado???BIT???????FPGA??HDR??????????????
?????????????????????????AMD Opteron 2360SE 2.5GHz?2?
???? 16GB??????????????????????????Intel Core i5-2520M
2.5GHz?2????? 4GB????
???/???????IDEF?CSEF???????? 4.6?????????????
???????SR, [2]???, ? 3???? [29]??????SR???????????
??????????????????????????[2]?MUX??????????
??????????????????[29]?????????????????????
?????????????????? FPGA???????????????????
????????????????60??????????? 1ns???????????
????? FPGA???????????
5.3.2 ????
Virtex-7??????????5.1?????????SR??????CS????????
????????24%???15%????[2]??????????????38%???15%?
????????3???? [29]??????CS????????????????????
??????? 10%??? 6%???????????? 4.6????? [29]+IDEF+CSEF
? [29]??????????? 1%???????????????????????????
SR??????[29]+IDEF+CSEF????????????????[29]+IDEF+CSEF
???????????????????
??????????? r?ewf3?copy? 3?????????????SR?????
?? 22%?[2]??????? 19%?[29]??????? 10%??????????????
????????????????????? 3???????????????????
?????????????????????????????
?????? SR???????? 24%?????????????????????[2]
????????????? 26%, ?? 14%????[29]??????? 2%??? 1%??
?????
???? 5.2?? 5.1???????????????????????????????
???? 5.2????????? parker???????????????????? 3??
????????????????????????????????????????[2]
? ewf3? copy, [29]? copy????????????????????????????
???????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
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? 5.2: ?????????????????????.
Applied Interconnection Clock Critical-path
App. algorithm Logic delay [ns] delay [ns] Clock skew [ns] uncertainty [ns] delay [ns]
SR 1.642 2.142 -0.050 0.035 3.869
hal [2] 1.769 2.355 -0.046 0.035 4.185
[29] 1.645 2.326 -0.044 0.035 4.050
???? 1.642 2.142 -0.050 0.035 3.869
SR 0.804 1.123 -0.025 0.035 1.987
parker [2] 1.266 0.864 -0.020 0.035 2.185
[29] 0.809 0.708 -0.026 0.035 1.578
???? 0.755 0.710 -0.048 0.035 1.548
SR 1.873 2.947 -0.05 0.035 4.905
dct [2] 1.827 2.544 -0.031 0.035 4.437
[29] 1.676 2.671 -0.052 0.035 4.434
???? 1.711 2.556 -0.047 0.035 4.349
SR 10.364 7.747 -0.051 0.035 18.197
jacpbi [2] 10.057 7.542 -0.051 0.035 17.685
[29] 10.015 7.440 -0.047 0.035 17.537
???? 10.161 7.212 -0.049 0.035 17.457
SR 1.746 3.501 -0.048 0.035 5.330
r [2] 2.073 3.041 -0.043 0.035 5.192
[29] 1.767 2.627 -0.039 0.035 4.468
???? 1.809 2.150 -0.041 0.035 4.035
SR 1.773 3.31 -0.057 0.035 5.175
ewf3 [2] 1.727 2.934 -0.124 0.035 4.820
[29] 1.693 2.607 -0.055 0.035 4.390
???? 1.704 2.167 -0.025 0.035 3.931
SR 1.908 4.394 -0.043 0.035 6.38
copy [2] 1.752 4.313 -0.127 0.035 6.227
[29] 1.678 3.822 -0.183 0.035 5.718
???? 1.666 3.466 -0.034 0.035 5.201
5.3.3 ?????????????????
?????????????????????????????? 3?????????
??????????????????????????????Mesa????????
????Matrix Multiplication?Mesa MM, 109?????Smooth Triangle?Mesa ST, 197
?????Matrix invertion?Mesa MI, 333??????? [22]?
??????? 5.3.2??????????????????????????SR?? 3
???? [29]? IDEF????????? [28]??????
????????????? 5.3????????? SR??????????????
27%??? 18%??????????? 11%??? 5%?????????? [28]????
????????????????????????? 14%??? 8%???????,? 5.4
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? 5.3: ?????????????????.
Clock Minimum Total
App. period Applied clock synthesis
(#Nodes) FU constraint constraint algorithm #Huddles period [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add4 7 SR - 5.556 15 83.34 567 1919 495 349
Mesa MM Mul4 7 [28] 5 5.070 15 76.05 494 1650 744 443
(109) Mem2 7 ???? 5 4.709 15 70.64 503 1526 653 600
Add4, Sub1 7.5 SR - 5.758 29 167.0 791 2864 732 382
Mesa ST Mul4 7.5 [28] 5 5.477 29 158.8 861 2562 1255 497
(197) Mem2 7.5 ???? 8 5.065 29 146.9 845 2463 1452 835
Add4, Sub1 7.5 SR - 6.612 42 277.7 1178 4134 970 364
Mesa MI Mul4 7.5 [28] 7 5.597 42 235.1 1030 2933 1812 518
(333) Mem2 7.5 ???? 7 4.805 42 201.8 1049 2818 1794 700
? 5.4: ??????????????????????????.
App. Applied Logic Interconnection Clock Clock Critical-path
(#Nodes) algorithm delay [ns] delay [ns] skew [ns] uncertainty [ns] delay [ns]
SR 1.911 3.566 -0.044 0.035 5.556
Mesa MM [28] 1.814 3.105 -0.116 0.035 5.070
(109) ???? 1.690 2.941 -0.043 0.035 4.709
SR 1.807 3.867 -0.049 0.035 5.758
Mesa ST [28] 1.669 3.319 -0.150 0.035 5.477
(197) ???? 1.818 3.093 -0.119 0.035 5.065
SR 2.119 4.343 -0.115 0.035 6.612
Mesa MI [28] 1.814 3.572 -0.176 0.035 5.597
(333) ???? 1.712 3.018 -0.040 0.035 4.805
?? 3.4??????????????????????????????????? 5.4?
???????? [28]???????????????????????????????
???????????????????????????
5.4 ??????
?????FPGA???????????????? 3???????????????
???????????MUX??????????????????? 3???????
???????FPGA?????????????? IDEF?CSEF??????????
????????????????????????FPGA??????????????
????????????? IDEF?CSEF?????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????/FU?????????????
???????? FU???????????????????????????????
?????????????????????????????????????????
?????/???????????????????????????????????
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?????????????????????????????????????????
??????????????????????
?????????? 3????? 7???????????????????????
??? SR????????????????? 24%??? 15%????????????
24%???????????????????????????????????HDR??
????????????????? [2]????????????????? 38%???
15%???????????? 26%??? 14%??????????????????? 3
?????? IDEF?CSEF????????????????????????????
????????????????????????? 10%??? 6%?????????
???
???????????????????????????????????????
?????????????????????SR??????? 22%?[2]???????
19%?[29]??????? 10%????????????????????? 3?????
????????????????SR?????????????? 27%??? 18%??
??? 3????? IDEF?????????????????????? 14%??? 8%?
???????????????????CSEF???????????????????
?????????????????????????????????????????
????????????????
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???FPGA?????
6.1 ?????
???? 1?????????????????????????????FPGA???
???????????????????????????
???????????????????????????????????FU???
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????FPGA???????????????????
?????????????????????????????? FPGA???????
?????????????FPGA?????????????????????????
?????????????????????????????????????????
????? FPGA???????? FPGA?????????????????????
?????????? FPGA?????????????????????
????????????????????????FPGA???????????FPGA
?????????????????????????????????????????
?????????????????????????????????????????
???? FPGA???????????????? 5????????????????
???????????????????????? 1????DCT?????????
????????Xilinx Virtex-7?? FPGA?????????????????????
?????????????????????????????????????????
??????????
6.2 ????????????
6.2.1 ????
?????FPGA????????????????
?????FPGA??????FPGA?????TB-7V-2000T-LSI?Vietex-7?XC7V2000T-
2FLG1925?[73]??????FPGA????????? 6.1????? FPGA??DDR3
SDRAM???????????????????????BRAM??????????[43]
1?????? [32,36]????
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? 6.1: FPGA?????TB-7V-2000T-LSI?
? 6.2: FPGA????????
?????FPGA????FX3USB?????????PC???????????Cypress
??CyAPI?????FPGA??????AXI?Advanced eXtensible Interface?????
??????Xilinx??Vivado Design Suite 2014.2 [68]?????????FPGA???
?????? 6.2????
6.2.2 ???????
?????FPGA?????????????????? 3?????????????
????????
? 6.3? FPGA??????????? 6.3???????????????HDR??
?????????????????3?????????????\USB???????
????"?\????????????????"?\????/????????"????
???????BRAM?? 5????????
HDR??????????? 5??????????????????????????
????????????USB???????????? PC??USB????????
? BRAM??????0x00{0x54?????????????????????????
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HDR
アーキテクチャ
回路
Virtex-7 (XC7V2000T-2FLG1925)
PC
データ通信 (USB)
データ
write/read 
TB-7V-2000T-LSI (評価ボード)
オンチップ
メモリ
メモリ読み書き用
インターフェース
クロック/
リセット
生成回路
USB通信用
インターフェース
データ通信
インターフェース
回路
CLKin / RST
CLKop
/ RST
4 X CLKop / RST
ハドル
FPGAチップ
HDRアーキテクチャ
回路
? 6.3: FPGA?????????.
?????????BRAM?????????????????????????????
?????? PC??????????????????????? USB???????
??????? HDR????????????????????????? BRAM??
???????BRAM?????????????????????USB???????
???????HDR?????????????
????/????????? FPGA????????? 19:933ns  50MHz?????
??CLKin??????????????????? [74]?HDR???????????
??????CLKv (ns) ????????????
CLKv = CLKin  

(6.1)
????????? , ????????????????
?? 1  2 N and  2 N.
?? 2   642?
?????USB?????????????????????????????????/
????????? [43]?????????????
6.3 ????????????????FPGA?????
?????????????????????FPGA????????????????
?????????????????????????????????????????
????????????????????????
[16]???????????Xilinx FPGA????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
2 ? 64???????Vivado?????????????????????????????
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レジスタ分散型アーキテクチャを
対象としたフロアプラン指向
FPGA高位合成(第5章の手法)
CDFG 演算器制約クロック周期制約
レジスタ分散型アーキテクチャ
回路のRTL記述(.v)
論理合成
配置・配線
BITファイル生成
FPGA上の配置制約 
(.xdc) ゲートレベル回路
コンフィグレーション
CLKop
Vivado
(Step 1)
対象FPGA 情報
(第4章の方法)
インターフェース回路
のRTL記述(.v)
(Step 2)
(Step 3)
(Step 4)
FPGA上のレジスタ分散型
アーキテクチャ回路
モジュールフロアプラン情報
(.xml)
? 6.4: ????????????????????????????????????
FPGA?????.
???????????????????????????????????? FPGA?
????????????????????????
????[16]???????????????????????????????????
??????????????????????????? FPGA???????????
? 6.4?????????????????????????????????????
FPGA?????????
???? 5??????????????????????????????? CDFG,
???????????????? 4?????????FPGA????????????
?????????Verilog?????? \?????????????????RTL??"
?XML??? \?????????????"????Step 1?????Step 1???RTL
??? 3????????????? RTL?????????????????????
????????Step 2??????? (6.1)????? FPGA????????????
?CLKop?????????????CLKop? Step 1????????????????
?????????????????????? (6.1)?????? , ????????
????
Step 1???????????????????????CLKop?????  ????
????????


= CLKop  CLKin; (6.2)
????FPGA???????????????? CLKin? 20 ns??????????
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* *
*
*
*
* * *
*
* *
* *
*
* *
v0 v1 v2 v3 v4 v5 v6 v7 v8 v9 v10 v11 v12 v13 v14 v15
v16 v17 v18 v19
v20 v21 v22 v23
? 6.5: DCT?????????DFG?
??? (6.2)????? 

??? 1, 2????????? , ????? 34?
????Step 2??????????????????????????????Step 1
???????????????????Vivado???????????.xdc??????
Vivado??????FPGA????????????Step 3??????BIT??????
????? FPGA?????????????FPGA????????????????
??????Step 4??
6.4 ???????
??????????????????????????????????? FPGA?
???????????? SR???????????????????????????
????????????Vivado?????????????????? FPGA????
?????????? 3{5??????????????????
??????????????? 5.3???????????????????????
DCT????????????? 48?????????? 6.5???????Virtex-7??
FPGA?????DCT?????????DFG??????? 1???????????
??2?????????????????????? 3.5????? SR???????
DCT?????????Virtex-7?? FPGA?????
????HDR/SR???????????????? 6.1??????????????
?????????????????????????????????????????
?????????????????????
3???? 6.4?????????  ? 20{30?????????
4????? ,  ??????/????????? RTL????????????
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? 6.1: DCT?????????????.
Clock period Operation clock Operation time
constraint Parameters period Total impl. on Xilinx Virtex-7
in HLS [ns] (, ) CLKop [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s] [ns]
SR????????? 6.4 (8, 25) 6.378 10 63.78 1268 2943 3394 1179 65.87
HDR????????? 5.0 (5, 20) 4.983 10 49.83 1303 2779 3233 710 51.92
6.4.1 ????
????DCT?????????????????????????????????
????????
???? 1 PC??HDR/SR??????????????????? 6.5? v0{v15??
BRAM??????
???? 2 PC????????????
???? 3 BRAM??HDR?????????????????????????
???? 4 ??????????????? HDR?????????????????
???
???? 5 ????????????????????BRAM??????
???? 6 BRAM??PC??????? 6.5? v16{v23???????????????
?????
???????????????? 6.1? 4?????????????CLKop?????
????????????????
6.4.2 ????
???????Virtex-7??????????????????
???? 1 Virtex-7?? SR-based circuit, ???? DR-based circuit??? DCT???
?????????????????????
???? 2 ?? PC???????????????????????
???? 3 DCT??????????? 1,000,000,000??????
???? 4 ?? 3??????????????? (1,000,000,000?)???1??????
????????
????????????HDR/SR??????????Virtex-7??????????
6.1? 11??????
? 6.1? 11?????? FPGA????????????????HDR???????
??? SR??????????? 65:87   51:92 = 13:95 ns??????? 21%?????
???? 6.1? 6??Vivado????????????????? 63:78  49:83 = 13:95 ns
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?????????????????????????????????????Vivado?
???????????????? FPGA??????????????????????
????6.1?11??\Operation time on Xilinx Virtex-7"???? 6.1?6??\Latency"
?????? 2:09 ns???????????\Operation time on Xilinx Virtex-7"????
?? PC?? FPGA????????????????????????????
??????? FPGA??????DCT??????????? [1-3]???? 3{5?
?????????????? 7?????????????????????????
? [21,45,54,75]?????????????????????????DCT???????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????? SR???? 5??????????????????
?????????????????????
6.5 ??????
????????????????????????????????? FPGA???
????????????????????????????
????????????????????????????????????????
???????????????????????????????FPGA???????
????????? 5???????????????????????????????
????????? 1????DCT?????????????????Xilinx Virtex-7
??FPGA???????Virtex-7??????HDR????????????????
????????????SR???????????????????? 21%?????
???????????Vivado???????????????????????????
? FPGA????????????????????????
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??????FPGA???????????????????????????????
?? FPGA??????????????
? 2??FPGA????????????????????????????????
??????? FPGA?????????MUX???????? FPGA???????
???????????????????????????? LSI???????????
???????????????????????????
???FPGA???????????????????????MUX????????
??????????????????????????????????????????
?????????FPGA?????????????????????????????
???????????????????????????????[12,14,15,42]????
?????????????????????????????????????????
????????????????????????MUX????????FPGA???
??????? [11,13,19,39,40,63]?????????????Chen???? [11]?Hara
???? [39,40]??????????????????????????????MUX?
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????
???FPGA??????????????????? 1?????HDR?????
??[1{3]????????????????????????? 1???????????
?????????????????????????????????????????
?????? FPGA????????????????????HDR?????????
???? FPGA?????????????????????????? FPGA????
???????????????????????????????
?3??HDR?????????????MUX??FPGA??????????FPGA
???????????????? 1???????????MUX??????????
????????????????????MUX??????????????FPGA?
???????????HDR?????????????MUX?? FPGA??????
?????????FPGA??????????????????MUX?FPGA????
?????????????????????MUX??????????????????
???MUX?????????????MUX????????????????????
??????????????????????HDR?????????????MUX?
? FPGA?????????????????????????????????SR, [2]?
???????????????????????
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???????????????????? 1????HDR????????????
????????????????????????????????????????FU
?????????????????????? 2?????FPGA???????????
????????????MUX??????????????????????????
??????/FU?????????????????????? 2??FU??????
????? 2????????????????MUX????????????????
???????????????? FU???????????????????MUX?
4????????????MUX?????????????
????????????????????????????????????????SR?
?????????????????? 22%??? 4%???????????? 47%??
? 29%???????????????????????HDR????????????
??????? [2]?????????????????? 18%??? 6%????????
???? 38%??? 16%????????????
? 4??????????FPGA????????????????????????
?????FPGA???????????????? 2?????????????????
????????????????????????????????FPGA??????
???? FPGA?????????????????????IDEF???CSEF????
??????FPGA???????????????????FPGA??????????
???????????????????FPGA??????????? \IDEF"????
?????FPGA?????????????????????????????????
???????????????Xilinx?Vivado??????????????????
???????????????????????FPGA???????????????
\CSEF"??????
Xilinx?Vivado???????????????IDEF?????0.20ns?????0.10ns?
CSEF????? 0.062ns????? 0.021ns?????????????????????
????????????????
????IDEF?CSEF?? 3?????????????? FPGA?????????
?????????????????????????????????????????
??SR???????????????? 22 %??? 10%????? 3????????
??? 11%??? 6%??????????????????????????SR???
???? 20%?? 3??????????? 9%???????????????????
???????????????????????IDEF???CSEF??????????
FPGA??????????????????????????????????????
?????????
? 5???????????????????????????????FPGA???
???????FPGA???????????????? 3???????????????
???????????MUX??????????????????? 3???????
???????FPGA?????????????? IDEF?CSEF??????????
????????????????????????FPGA??????????????
????????????? IDEF?CSEF?????????????????????
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?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????/FU?????????????
???????? FU???????????????????????????????
?????????????????????????????????????????
?????/???????????????????????????????????
?????????????????????????????????????????
??????????????????????
?????????? 3????? 7???????????????????????
??? SR????????????????? 24%??? 15%????????????
24%???????????????????????????????????HDR??
????????????????? [2]????????????????? 38%???
15%???????????? 26%??? 14%??????????????????? 3
?????? IDEF?CSEF????????????????????????????
????????????????????????? 10%??? 6%?????????
???
???????????????????????????????????????
?????????????????????SR??????? 22%?[2]???????
19%?[29]??????? 10%????????????????????? 3?????
????????????????SR?????????????? 27%??? 18%??
??? 3????? IDEF?????????????????????? 14%??? 8%?
???????????????????CSEF???????????????????
?????????????????????????????????????????
????????????????
? 6????????????????????FPGA??????????????
??????????????????????? FPGA??????????????
?????????????????
????????????????????????????????????????
???????????????????????????????FPGA???????
????????? 5???????????????????????????????
????????? 1????DCT?????????????????Xilinx Virtex-7
??FPGA???????Virtex-7??????HDR????????????????
????????????SR???????????????????? 21%?????
???????????Vivado???????????????????????????
? FPGA????????????????????????
???????????????? FPGA????????????????????
?????????????? FPGA???????????????????????
FPGA??????????????????????????????????????
??????????????????????????? FPGA????? FPGA??
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?????????????????????????????????????????
????????????? FPGA????????????????????????
??????
FPGA???????????????????????? FPGA?????????
?????????????????????????????????????????
????????FPGA??????????????????????????????
???????????IDEF???????????????????????????
??? FPGA??????????????????????????????????
????? 1?????
???FPGA??DSP?????????????????????????????
??????????????????????????????????????????
??????????????????????? FPGA??????????????
????
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